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QUENCH  ANTENNAS  FOR  RHIC  QUADRUPOLE  MAGNETS 

T.  Ogitsu,  A.  Terashima,  and  K.  Tsuchiya, 

KEK,  National  Laboratory  for  High  Energy  Physics,  Tsukuba,  Ibaraki,  305,  Japan 
G.  Ganetis,  J.  Muratore,  and  P.  Wanderer, 

BNL,  Brookhaven  National  Laboratory,  Upton,  Long  Island,  NY  11973  USA 


Quench  antennas  for  RHIC  quadrupole  magnets  are 
being  developed  jointly  by  KEK  and  BNL.  A  quench 
antenna  is  a  device  to  localize  a  quench  origin  using  arrays 
of  pick-up  coils  lined  up  along  the  magnet  bore.  Each  array 
contains  four  pick-up  coils:  sensitive  to  normal  sextupole, 
skew  sextupole,  normal  octupole,  and  skew  octupole  field. 
This  array  configuration  allows  an  azimuthal  localization 
of  a  quench  front  while  a  series  of  arrays  gives  an  axial 
localization  and  a  quench  propagation  velocity.  Several 
antennas  have  been  developed  for  RHIC  magnets  and  they 
are  now  routinely  used  for  quench  tests  of  production 
magnets.  The  paper  discusses  the  description  of  the  method 
and  introduces  a  measured  example  using  an  antenna 
designed  for  quadrupole  magnets. 

L  INTRODUCTION 

Although  the  best  method  to  localize  a  quench  origin  is 
use  of  voltage  taps  [1],  the  method  is  not  desirable  for 
production  magnets  because  of  the  risks  associated  with 
mounting  voltage  taps.  A  technique  which  uses  a  set  of 
pick-up  coils  has  been  developed  in  order  to  localize  a 
quench  origin  without  using  voltage  taps.  The  technique 
was  originally  developed  at  CERN,  and  used  to  localize 
quench  origins  of  LHC  dipole  magnets  [2,3].  A  similar 
method  was  then  developed  at  SSCL  in  order  to  measure 
quench  locations  for  SSC  dipole  magnets.  The  method 
developed  at  SSCL  relies  on  a  set  of  pick-up  coils  which 
are  sensitive  to  higher  order  multipole  fields,  e.g. 
quadrupole  or  sextupole  fields,  but  not  sensitive  to  the  main 
dipole  field[4].  Quench  antennas  relying  on  the  same 
method  were  developed  for  RHIC  dipole  magnets,  and  are 
now  being  used  routinely  during  the  quench  tests  of  the 
RHIC  production  dipole  magnets.  Quench  antennas  for 
quadrupole  magnets  were  also  developed.  The  antennas 
contain  pickup  coils  which  are  sensitive  to  sextupole  and 
octupole  fields,  but  not  sensitive  to  the  main  quadrupole 
fields.  Recently,  one  of  the  antennas,  being  used  for  13  cm- 
aperture  interaction  region  (IR)  quadrupole  magnets  [5], 
was  tested  with  a  magnet  which  is  heavily  instrumented 
with  voltage  taps.  It  was  confirmed  that  the  quench 
locations  derived  from  the  voltage  taps  and  the  quench 
antenna  agreed  with  each  other.  This  paper  briefly 
describes  the  antenna  system  and  then  presents  quench 
antenna  and  voltage  tap  data  taken  on  this  magnet. 


II.  SYSTEM  CONHGURATION 

The  antenna  used  for  the  IR  magnets  consists  of  two 
coil  arrays  which  are  lined  up  along  the  magnet  length. 
Each  coil  array  contains  four  pickup  coils;  the  first  one  is 
sensitive  to  normal  sextupole,  the  second  to  skew 
sextupole,  the  third  to  normal  octupole,  and  the  fourth  to 
skew  octupole  field.  Figure  la  presents  a  cross-sectional 
view  of  a  coil  array.  A  three  dimensional  view  of  a  single 
turn  sextupole  coil  is  shown  in  Figure  lb.  It  was  shown  by 
Morgan  [6]  that  this  kind  of  winding  is  primarily  sensitive 
to  the  sextupole  field.  The  octupole  coil  is  similar  to  the 
sextupole  coil  except  the  wire  crosses  the  coil  form  every 
7c/4.  The  skew  coils  are  rotated  from  normal  coils  by  7c/6 
for  sextupole  and  7c/8  for  octupole. 


+ 


Figure  la  Cross-sectional  view  of  a  coil  array.  6N,  6S,  8N, 
and  8S  indicate  normal  sextupole,  skew  sextupole,  normal 
octupole,  and  skew  octupole  coil,  respectively. 


Figure  lb  Three  dimensional  view  of  a  single  turn 
sextupole  coil. 
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The  length  of  each  coil  is  150  mm,  and  the  diameter  is 
79  mm.  The  centers  of  the  two  coil  arrays  are  located  155 
mm  from  the  center  of  the  magnet  toward  the  ends.  The 
coil  array  close  to  the  lead  end  is  named  C-1  and  the  other 
is  C-2.  The  number  of  turns  in  each  windings  in  the  coil 
array  C-1  is  8,  and  the  number  in  C-2  is  4. 

III.  MEASUREMENT  RESULTS 

The  example  shown  here  is  the  first  spontaneous 
quench  taken  on  magnet  QRI998.  The  quench  current  is 
6745  A,  at  which  the  expected  gradient  is  63.2  T/m.  The 
quench  started  in  the  pole  turn,  where  the  voltage  taps  are 
instrumented  such  that  terminal  voltages  of  the  straight 
section,  the  lead  end,  and  the  return  end  can  be  monitored. 
The  length  of  the  straight  section  of  the  magnet  is 
1309  mm.  The  voltage  taps  are  mounted  slightly  inwards  so 
that  the  length  between  the  taps  is  966  mm. 

A.  Axial  Quench  Localization 

Figure  2a  presents  signals  of  the  normal  sextupole 
coils  in  both  arrays  in  comparison  to  voltage  tap  signals  of 
the  straight  section  and  both  ends  of  the  quenched  turn.  The 
signals  of  the  straight  section  voltage  taps  and  coil  C-1 
appear  to  take  off  almost  simultaneously  indicating  that  the 
quench  started  in  the  region  where  C-1  is  located. 
Following  these,  the  signals  of  the  lead  end  voltage  taps 
and  the  coil  C-2  take  off  almost  simultaneously.  This 
indicates  that  the  quench  origin  is  halfway  between  the  lead 
end  tap  and  coil  C-2. 

More  detailed  quench  propagation  analysis  can  be 
performed  using  the  voltage  tap  signal  of  the  straight 
section.  Figure  2b  shows  quench  front  locations  as  a 
function  of  time.  The  locations  of  antenna  coil  arrays  and 
the  end  taps  are  also  indicated  at  the  time  when  each  signal 
takes  off.  The  plot  is  derived  from  the  voltage  tap  signal  of 
the  straight  section.  The  voltage  increase  due  to  the 
temperature  rise  is  compensated  using  the  following 
equation:  ^ 

Vss(ta3+t-X)-Vss(ta3)  dVss(x) 

(tql<t<tq3)  (1) 

where  is  the  compensated  voltage,  is  the  raw 
voltage  of  the  straight  section,  tqj  is  the  time  when  the 
voltage  of  the  straight  section  takes  off,  and  tq3  is  the  time 
when  the  return  end  voltage  starts  to  rise.  The  size  of  the 
normal  zone  in  the  straight  section  is  assumed  to  increase 
in  proportion  to  Vc  toward  both  ends  until  the  quench  front 
reaches  the  lead  end,  and  after  that  only  toward  the  return 
end.  The  quench  start  location  is  derived  so  that  the  plot  is 


consistent  with  the  times  when  the  voltage  tap  signals  of 
both  ends  take  off.  The  plot  starts  at  the  lead  end  edge  of  C- 
1,  and  then  passes  through  the  lead  end  edge  of  C-2.  This 
indicates  that  the  antenna  signals  are  in  good  agreement 
with  the  axial  quench  propagation  derived  from  the  voltage 
tap  signals. 
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Figure  2a  Measured  signal  of  antenna  coils  and  voltage 
taps.  Some  of  the  signals  are  offset. 
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Figure  2b  Axial  quench  localization. 

B.  Azimuthal  Quench  Localization 

Figure  3a  presents  signals  of  the  four  coils  in  the  coil 
array  C-1.  The  signal  is  believed  to  be  caused  by  a  field 
distortion  due  to  current  redistribution  in  the  quenching 
turns.  Following  the  analysis  performed  in  Reference  4,  we 
assume  that  the  field  distortion  is  produced  by  a  moving 
current  line.  Let  us  define  a  Cartesian  coordinate  system 
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such  that  the  z-axis  is  parallel  to  the  coil  array  and  the 
origin  is  at  the  center  of  the  coil  array.  The  current  Is 
parallel  to  the  z-axis  positioned  at  (x,y)=rse'®,  moving  with 
velocity  (Vx,Vy)=Vse^P,  induces  voltages  approximated  as, 

Vfin  =  N6n  ^  cos(-4a+P)  (2a) 

WMoksIsVs^in(_4„^P)  (2b) 

JCTs^ 

\T  M  ^  ^8n  M'O^Sn^s^s  C/v_l_R^ 

Vgi^  —  Ngn  cos(— 5oc+p)  (2c) 

V  ^  4r83%L8sIsVs  si„(_5„+p)  (2d) 

Tcrs^ 

where  the  subscripts  6n,  6s,  8n,  and  8s  used  for  the  voltage 
V,  the  number  of  turns  N,  the  length  L  and  the  radius  R, 
refer  to  the  normal  sextupole,  skew  sextupole,  normal 
octupole,  and  skew  octupole  coil,  respectively.  The  system 
of  equations  allows  us  to  obtain  four  unknowns,  tg,  a,  IgVg, 
and  P,  analytically.  Figure  3b  summarizes  these  four  values 
derived  for  the  range  indicated  by  a  pair  of  dotted 
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Figure  3a  Signals  of  the  coils  in  C-1.  The  signals  are  offset. 


Figure  3b  Azimuthal  quench  localization,  as  viewed  from 
the  lead  end. 


lines  in  Figure  3a.  The  diamonds  present  the  position  given 
by  rs  and  a  and  length  and  direction  of  the  lines  indicate 
IgVg  and  p,  respectively.  The  diamonds  are  mostly  located 
close  to  the  left  pole  turn  of  the  lower  right  coil.  The 
voltage  tap  signals  show  that  the  quench  starts  in  the 
straight  section  of  the  left  pole  turn  in  the  lower  right  coil. 
Although  the  analysis  used  here  is  based  on  a  crude  two 
dimensional  model,  the  azimuthal  quench  localization 
result  appears  to  be  consistent  with  the  voltage  tap  result. 

This  kind  of  analysis  has  been  performed  for  most  of 
the  quenches  of  this  magnet.  In  many  cases  the  results  are 
more  scattered  than  the  case  shown  here  due  to  bad  signal- 
to-noise  ratios.  Averaging  the  data  over  a  range  covering 
the  first  peak  and  using  the  least  squares  technique,  but 
relying  on  a  similar  two  dimesional  model,  a  quench  origin 
was  determined  within  several  turns  of  cable  of  the  actual 
location  in  most  of  the  cases.  Although  the  two 
dimensional  model  is  sufficient  for  the  azimuthal  quench 
localization,  three  dimensional  analyses  should  be 
performed  in  order  to  determine  the  causes  of  the  signals. 

IV.  CONCLUSION 

The  quench  antenna  tests  made  on  the  RHIC  IR 
quadrupole  magnets  showed  that  quench  localization  based 
on  the  quench  antenna  is  consistent  with  that  based  on  the 
voltage  taps.  This  proves  that  the  quench  antenna 
introduced  here  is  an  adequate  device  for  quench 
localization  in  quadrupole  magnets. 
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RHIC  will  require  420  80  mm  Corrector  magnets.  The 
magnets  are  made  up  of  coils  wound  on  a  computer  controUed 
wiring  machine  using  ultrasonic  power  to  bond  the  wire  into 
an  epoxy  coated  flat  substrate.  The  coils  are  wrapped  onto 
support  tubes  and  concentrically  assembled  inside  an  iron 
yoke.  These  magnets  are  being  built  at  Brookhaven  National 
Laboratory  (BNL)  with  more  than  280  constructed  by  May, 

1 1995.  Design,  construction  and  test  results  are  presented. 

L  DESIGN 

A  total  of  432  80  mm  aperture  correctors,  including  12 
spares,  is  being  built  for  the  accelerator.  Each  is  composed  of  up 
to  four  separate  multipole  elements.  This  large  number  of 
elements  was  the  dominant  consideration  in  the  basic  design, 
resulting  in  the  following  criteria. 

1.  Design  was  to  have  a  minimum  number  of  interchangeable 
parts.  A  completed  corrector  was  to  be  achieved  by  assembly 
of  concentric  cylinders  each  containing  one  multipole.  With 
this  approach  it  is  possible  to  build  correctors  with  differing 
multipole  selections  and  different  choices  of  skew  and  normal 
multipoles  out  of  “stock”  tubes, 

2.  Low  cryogenic  load.  Since  these  magnets  are  individually 
powered,  the  heat  load  of  the  current  leads  is  an  important 
consideration.  This  was  reduced  by  choosing  50A  as  the 
nominal  operating  current.  The  cost  of  the  numerous  power 
supplies  is  also  dependent  upon  the  choice  of  operating 
current. 

The  nominal  magnetic  length  (0.5m)  was  determined  by  the  space 
available  in  the  lattice.  The  strengths  came  from  computer 
simulations  of  the  accelerator  with  some  additional  margin  added. 
Since  the  design,  the  simulations  have  been  refined,  and  roughly 
25%  of  the  main  arc  dipoles  and  quadrupoles  have  been 
constructed  and  measured.  In  most  cases  the  original  design 
strengths  are  more  than  adequate  for  the  accelerator  as  now 
simulated.  The  necessary  strength  and  the  50A  nominal  current 
determine  the  number  of  turns  required.  A  design  with  a 
superconductor  short  sanple  current  limit  three  times  this  nominal 
current  was  chosen,  which  then  determines  the  wire  size.  The 
multipoles  required  are  aj/bj  ,b3  .  The  multipole 

elements  are  assembled  radially  in  inverse  order  of  their 
multipolarity  (i.e.,  b^  inner  most  et.  seq.). 


♦Work  supported  by  the  U.S.  Department  of  Energy  under 
Contract  No.  DE-AC02-76CH00016. 


A.  Detailed  Design 

To  control  the  deflections  produced  by  the  Lorentz  forces,  it 
was  necessary  to  use  thicker  walled  tubes  to  support  the  dipole  & 
quadrupole  windings  (4.4mm  and  3.5mm  respectively).  The  other 
support  tubes  are  at  the  minimum  economic  wall  thickness 
(1 .7mm).  Because  of  the  large  number  of  turns  (as  many  as  600  in 
the  dipole  windings)  it  was  decided  to  bond  the  wires  onto  a  flat 
substrate  with  a  computer-controlled  wiring  machine.  The 
maximum  wire  diameter  for  this  technique  is  0.33mm  which  limits 
the  dipole  quench  margin  to  150%;  all  other  windings  retain  the 
desired  300%  margin.  To  successfully  wrap  the  winding  pattern 
around  the  support  tube,  the  OD  of  the  latter  must  be  machined  to 
a  precise  diameter,  with  a  tolerance  of  0.16mm.  Experimentation 
showed  that  it  is  possible  to  wind  two  layers  of  wires  onto  a 
substrate,  the  turns  of  the  second  layer  nesting  above  the  spaces  in 
the  first  layer.  The  required  field  strengths  are  obtained  by  one 
such  double  layer  for  all  multipoles  except  the  dipole  which 
requires  three  double  layers.  To  secure  the  windings  against  the 
Lorentz  force,  a  pretensioned  Kevlar  overwrap  is  used.  An  iron 
yoke  is  used  both  as  a  return  path  and  a  mechanical  support  for  the 
cylinders.  This  is  composed  of  low  carbon  steel  laminations  whose 
diameter  is  that  of  the  main  quadrupoles.  In  RHIC,  all  the  80mm 
magnets  have  the  same  outside  dimensions,  which  simplifies 
construction,  cryogenics  and  electrical  buswork. 

B.  Field  Quality  Design 

In  principle,  this  winding  technique  can  produce  any  wiring 
pattern  and  hence  arbitrarily  good  field  quality.  In  practice, 
patterns  are  limited  to  coils  made  up  of  straight  sections  and  9CE 
arcs,  with  the  further  restriction  that  each  pole  consists  of  a  single 
continuous  block  of  turns  with  uniform  spacing.  With  these 
constraints,  the  coils  extend  from  the  midplane  to  2B/(3*2m)  angle, 
where  2m  is  the  multipolarity  number  (=2  for  dipole).  This  cancels 
the  first  harmonic  allowed  by  symmetry  in  the  straight  section.  The 
number  of  turns  and  the  radius  of  the  curves  on  the  end  are 
adjusted  slightly  to  achieve  a  field  purity  of  better  than  0.4%  at  the 
good  aperture  radius  of  25mm.  For  the  dipole  windings,  the 
second  allowed  harmonic  does  not  fall  off  very  rapidly  with  radius 
and  it  is  necessary  to  adjust  the  three  double  coils  to  produce 
acceptable  cancellation  in  the  complete  package.  In  production  it 
has  been  found  that  the  errors  in  wrapping  the  substrate  around  the 
tube,  and  the  positioning  of  the  tube  within  the  magnet  iron, 
contribute  comparable  field  errors.  Since  the  dipole  correctors 
have  a  strength  of  0.9%  of  the  main  dipoles,  and  the  other 
correctors  have  less  than  0.14%,  a  1%  field  error  in  the  correctors 
is  less  than  1x10"^  referenced  to  the  main  magnets.  Thus  1% 
errors  in  the  correctors  are  acceptable. 
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IL  Construction  Details 


The  coils  are  wound  using  a  0.33  mm  diameter  supercon¬ 
ducting  wire  coated  with  50%  overlap  of25p  thick  Kapton 
insulating  film  and  coated  with  12p  thick  bondall  coating.  The 
wire  is  wound  with  a  0.15  mm  spacing  between  wires  onto  a  flat 
epoxy  coated  substrate  consisting  of  0.076  mm  thick  Kapton  base 
with  0.20  mm  thick  of  a  b-staged  epoxy  filled  with  glass  fibers,  A 
second  layer  of  wire  is  wound  on  top  of  the  first  nested  between 
wires.  The  wire  is  bonded  to  the  substrate  or  bondall  coated  first 
layer  using  an  ultrasonic  welding  process  on  a  computer- 
controlled  wiring  machine.  A  resonant  stylus,  with  a  tip  formed  to 
capture  the  insulated  wire  is  excited  at  25  KHz,  transferring  the 
ultrasonic  power  through  the  wire  to  the  underlying  substrate 
material,  causing  the  wire  to  bond  to  the  epoxy  coated  substrate. 
The  wiring  machine  is  computer-controlled  in  a  closed  loop 
allowing  flexibility  in  the  selection  of  the  wiring  pattern,  the 
number  of  layers,  the  wire  size,  and  the  speed  of  the  wiring.  Five 
wiring  machines  are  operated  simultaneously  by  two  operators. 
Each  machine  is  connected  to  a  common  local  area  network. 
Production  wiring  files  are  electronically  transferred  from  the 
magnet  design  group  to  the  production  group.  Modifications  or 
design  changes  to  the  wiring  files  can  be  converted  into  finished 
coils  quickly. 

The  earlier  coil  design  consisted  of  cornered  ends  with  45 
degree  angles  [1].  These  45  degree  bends  proved  to  be  a  source 
of  wire  damage  where  the  stylus  would  stop  and  rotate  to  the  next 
path.  This  would  cut  the  Kapton  insulation  and  damage  the  copper 
coating  of  the  wire  with  occasional  damage  to  the  superconducting 
strands.  Bonding  problems  were  also  encountered  in  the  earlier 
design  between  the  first  and  second  layers  because  the  second  layer 
wires  were  laid  directly  on  top  of  the  first  layer  wires.  The  design 
was  revised  to  rounded  ends  and  nested  wires  to  alleviate  these 
probl^ns.  Nomex  coil  supports  are  installed  into  a  wound  flat  coil 
to  act  as  a  filler  where  the  wires  are  not  located  thus  making  the 
thickness  constant  throughout  the  assembly.  The  coil  assembly  is 
bonded  to  stainless  steel  support  tube  with  epoxy  supported  with 
fiberglass  cloth.  The  quadrupole,  octupole,  and  decapole  tube 
assemblies  are  then  coated  with  epoxy  and  butt  wrapped  with  a 
single  layer  fiberglass  cloth  and  a  double  layer  of  Kevlar  yam  at  32 
turns  per  inch  at  a  tension  of  22  lbs.  The  dipole  tube  assembly  is 
coated  with  epoxy  and  butt  wrapped  fiberglass  cloth  and  a  single 
layer  of  Kevlar  yam.  Second  and  third  layers  of  dipole  coils  are 
placed  onto  the  assembly  in  the  same  fashion.  The  assembly  is 
coated  with  epoxy,  fiberglass  cloth  and  a  double  layer  of  Kevlar 
(see  Fig.  1).  The  dipole  coils  are  spliced  in  series  as  one  assembly. 
The  four  different  coil  assemblies  are  assembled  concentrically  as 
shown  in  Fig.  2.  The  support  tubes  are  supported  by  Ryton  molded 
yoke  keys  inside  the  iron  yoke. 

The  iron  yoke  is  made  up  of  punched  1.52  mm  thick  low 
carbon  steel  half  laminations  pinned  together  into  yoke  modules 
with  the  weight  carefully  controlled.  The  yoke  modules  are  keyed 
and  welded  together  at  the  OE  and  180E  seams. 


Table  1  lists  the  correctors  completed  to  datae. 
Table  1.  Constmction  Status  as  of  April  25, 1995 


Corrector 

^pe 

Nunxber 

Required 

Number 
Produced 
to  Date 

Conjuration 

CRB 

100 

79 

bo>bi,b3,b4 

CRC 

136 

67 

CRD 

78 

66 

bo 

CRE 

78 

50 

ao 

CRF 

40 

19 

bo,a|,b3,b4 

Total 

432 

281 

Fig.  1.  Dipole  concentric  assembly  section 


Fig.  2.  Magnet  cross  section 


1394 


III.  HARMONICS  TEST  RESULTS 

Warm  measurements  of  field  quality  have  been 
perfomaed  on  all  the  corrector  magnets  built  so  far.  The  integral 
transfer  function  and  other  harmonic  components  at  a  reference 
radius,  ,  of  25  mm  are  measured  using  a  rotating  coil  of  radius 
35.6  mm  (1 .42  These  measurements  are  carried  out  at  magnet 
current  of  0.2 A.  The  contribution  from  remnant  fields  is  subtracted 
by  making  measurements  at  both  positive  and  negative  currents. 
The  measuring  coil  is  radially  centered  in  the  iron  yoke  using  a 
well  aligned  fixture.  The  magnetic  centers  of  the  corrector  layers 
(derived  from  feed  down)  are  generally  within  0.25  mm  of  the 
center  of  the  iron  yoke. 

The  results  from  the  warm  measurements  in  the 
correctors  are  summarized  in  Table  2.  The  integral  transfer 
functions  are  expressed  in  T.m/kA  at  the  reference  radius  of  25mm. 
The  most  dominant  harmonic  terms  are  typically  below  1%  of  the 
fiindamental  field.  These  harmonic  distortions  are  at  an  acceptable 
level  for  the  accelerator. 

The  correctors  are  tested  at  liquid  helium  temperature  for 
quench  performance.  Field  quality  measurements  are  also  carried 
out  on  most  of  the  correctors.  There  is  good  agreement  between  the 
warm  and  the  cold  measurements.  The  transfer  functions  increase 
slightly  as  a  result  of  cool  down,  as  indicated  in  Table  2. 


Table  2.  Corrector  Field  Quality 


Layer 

Type 

Transfer 

Function 

T.m/kA 

@25mm 

(Warm) 

Std. 

Dev. 

In 

T.F. 

Change 

in 

T.F.  on 
Cool¬ 
down 

Harmonics 
as  fraction 
of  the 
Fund. 
Field 

bo  /  ao 

5.5514 

0,11% 

+1.0% 

<0,3% 

b, 

0.7630 

0.07% 

+0.7% 

<0.5% 

ai 

0.7569 

0.07% 

+0.7% 

<0.5% 

b3 

0.1920 

0.45% 

+0.8% 

<1.5% 

b4 

0.1495 

0.30% 

+1.2% 

<1% 

IV.QUENCH  PERFORMANCE 

As  of  April  18,  1995,  101  80  mmRHIC  production 
correctors  have  been  cold-tested.  The  design  operating  current  for 
all  corrector  layers  is  50A,  and  all  have  a  conductor  limit  above 
130A  for  all  operating  conditions  at  the  RHIC  temperature  of  4.6K. 

Because  of  the  stress  imposed  on  the  thin  superconducting 
wires  during  coil  winding,  it  is  considered  necessary  to  cold-test  all 
corrector  coils  as  part  of  the  acceptance  process.  Cold-testing  is 
performed  in  vertical  dewars  filled  with  liquid  helium  at  4.4K 
(nom). 

The  minimum  test  procedure  for  any  corrector  is: 

1 .  Ran^  the  dipole  layer  to  +70A,  then  to  -70 A,  and  back  to  0; 

2.  With  the  dipole  at  +70A,  each  of  the  other  three  layers  is 
ramped  to  +100A,  then  -lOOA,  then  again  to  +100A,  then 
back  to  0. 


If  any  layer  quenches  in  the  course  of  these  ramp  tests,  the  ramps 
for  that  layer  are  started  over  again  and  repeated  until  the  three 
ramps  can  be  performed  without  quench.  Occasionally,  magnets 
were  subjected  to  more  rigorous  testing,  with  more  bipolar  ramps, 
one  hour  tests  at  maximum  test  current,  and  sometimes  quench 
testing.  The  maximum  test  current  of  100 A  for  ramp  tests  was 
selected  to  provide  100%  quench  margin.  This  was  reduced  to 
70A  for  the  dipole  layers  to  avoid  quenches  that  might  overheat  the 
conductor  wire.  This  was  found  necessary  because  of  the  high 
inductance  of  the  dipole  layers  and  the  nature  of  the  quench 
detection  system  being  used. 

The  results  are  presented  in  Table  3  and  are  grouped 
according  to  layer  type  and  performance  category.  For  each  type, 
the  first  column  denotes  1)  total  layers  tested,  and  the  number  of 
layers  which  2)  did  not  quench,  3)  trained  smoothly 
(monotonically),  4)  trained  erratically,  5)  failed,  and  6)  had  an 
initial  quench  below  50A  but  trained  acceptably.  A  layer  is 
rejected  if  its  current  limit  is  low  due  to  conductor  damage  or  if  it 
does  not  train  to  the  maximum  test  current. 

As  can  be  seen  from  the  table,  approximately  half  of  the 
dipole  layers  (44%)  and  quadrupole  layers  (53%)  did  not  quench 
at  all  during  initial  ramp  testing,  while  68%  and  77%  of  octupole 
and  decapoles,  respectively,  did  not  quench.  All  other  layers 
except  two  dipoles  and  two  quadrupoles  trained  satisfactorily, 
though  a  small  number  of  them  were  slightly  erratic. 

Table  3.  Quench  Performance  Results  of  RHIC  Arc  Corrector 


Layers  (Multipole  layer  tested  with  dipoles  @  +70A) 


Performance 

Dipole 

Quad. 

Octu. 

Deca. 

Total  Tested 

94 

53 

53 

53 

No  quenches 

41 

28 

36 

41 

Smooth  training 

46 

19 

12 

6 

Erratic  training 

5 

4 

5 

6 

Failed 

2 

2 

0 

0 

Ii„i,<50A 

10 

0 

2 

1 

V.  Summary 

The  construction  of  corrector  magnets  required  for  RHIC  is 
well  underway.  The  design  of  these  magnets  is  versatile  and 
robust,  allowing  easy  assembly  into  the  many  configurations 
required  for  the  machine.  Construction  techniques  have  been 
adopted  that  ensure  reproducible  magnets  while  minimizing 
construction  labor.  Test  results  indicate  that  the  magnets  perform 
well  beyond  the  level  required  for  successful  operation  of  the 
Collider. 

V.  REFERENCES 
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Abstract 

RHIC  requires  288  sextupole  and  72  trim  quadrupole  mag¬ 
nets.  These  iron  poletip  superconducting  magnets  have  been 
constructed  by  Everson  Electric  Co.  Room  temperature  field 
measurements  have  been  completed  for  75%  of  these  magnets 
with  acceptable  results.  Approximately  15%  of  them  have  been 
tested  at  4.6  K  for  maximum  (quench)  current.  The  quench  per¬ 
formance  for  the  early  magnets  was  good  and  improved  to  ex¬ 
cellent  during  the  production  run.  These  magnets  have  more 
than  100%  margin  at  quench. 

1.  INTRODUCTION 

The  Relativistic  Heavy  Ion  Collider  (RHIC)  will  be  a  collid¬ 
ing  beam  facility  with  design  energy  of  100  X  100  GeV/u  for 
heavy  ions.  The  two  accelerator/storage  rings  are  divided  into 
“regular  arcs”  and  intersection  regions.  A  set  of  288  sextupole 
elements  are  necessary  to  reduce  the  natural  chromaticity  (x  ^  - 
42)  and  correct  sextupole  field  imperfections  in  the  dipole  mag¬ 
nets. 

These  are  positioned  at  every  quadrupole  in  the  regular  arcs, 
and  have  a  design  strength  of  588  Tesla/meter  with  an  inner  bore 
of  80  mm  and  length  of  750  mm.  The  detailed  design  of  these 
“superferric”  magnets  has  been  published  previously  [1] .  In  ad¬ 
dition,  to  vary  the  in  the  interaction  regions  72  trim  quad- 
rupoles  are  required.  These  are  assembled  with  quadrupoles 
Q4,Q5,  and  Q6  .  Their  overall  dimensions  are  identical  to  the 
sextupoles  and  their  detailed  construction  is  very  similar.  This 
paper  will  emphasize  the  test  results  and  design  differences  of 
the  quadrupoles. 

IT  DESIGN 

Table  I  lists  the  basic  parameters  of  these  magnets.  They  con¬ 
sist  of  racetrack  layer  wound  coils  mounted  on  iron  poletips. 
The  method  used  in  the  sextupoles  for  securing  the  coils  proved 
somewhat  cumbersome.  For  the  quadrupoles,  a  projection  was 
added  to  the  iron  yoke  so  that  the  coil  fits  in  a  slot  between 
this  projection  and  the  poletip(see  Figure  1).  A  thin  non-ferrous 
spring  is  inserted  between  the  poletip  and  the  coil  to  hold  it 
against  the  support  projection.  There  is  no  real  “prestress”  in 
this  design.  A  small  tab  is  placed  over  the  ends  of  the  coils  so 
that  they  can  not  move  radially  but  the  ends  are  unsupported 
against  the  Lorentz  forces. 

A.  Magnetic  Design 

Since  these  magnets  operate  with  a  pole  tip  field  of  ^  1.1 
Tesla,  iron  poletips  were  used.  At  low  field,  the  poletip  dom¬ 
inates  the  field,  reducing  the  sensitivity  to  coil  location  errors. 

*  Work  supported  by  the  U.S.  Department  of  Energy  under  Contract  No.  DE- 
AC02-76CH00016 
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Table  I 


Parameters  of  RHIC  Sextupoles  and  Trim  Quadrupoles 


Parameter 

Value 

Sextupole 

Quadrupole 

Wire  Diameter 

0.508mm 

0.508mm 

Copper/SuperConductor 

3:1 

3:1 

Ic(2.0T,4.22K) 

230  A 

230  A 

Turns  per  pole 

200 

200 

Clear  Bore 

80  mm 

80  mm 

Length 

750  mm 

750  mm 

Design  Current 

100  A 

100  A 

Design  Strength 

588  Tesla/meter 

22  Tesla 

Quench  Current 

220  A 

205  A 

Quench  Strength 

780  Tesla/meter 

37  Tesla 

Inductance  at  100  A 

530  mH 

590  mH 

Number  for  RHIC 

288 

72 

For  the  sextupole,  because  of  mechanical  limitations,  the  actual 
poletip  is  narrower  than  optimum.  This  results  in  very  notice¬ 
able  saturation.  For  the  trim  quadrupole  the  poletip  was  widened 
to  reduce  this  saturation.  The  poletip  was  also  shaped  and  a  hole 
was  put  in  it  to  further  reduce  the  saturation.  The  coil  support 
projection  of  the  yoke  does  not  affect  the  field.  For  ease  in  coil 
manufacture,  the  ends  are  semi-circular  and  generate  acceptably 
small  error  fields. 

III.  QUENCH  RESULTS 

The  results  of  quench  testing  are  summarized  in  Figure  2. 
Note  that  only  the  last  and  the  worst(usually  the  first)  quenches 
are  plotted.  For  the  initial  sextupoles  the  worst  quench  was  at 
least  80%  of  the  conductor  limit.  As  production  progressed,  a 
problem  developed  with  the  coil  support  hardware.  This  sub¬ 
set  typically  displayed  a  first  quench  in  the  range  55  to  75%  of 
Iss  and  very  rapid  training  to  short  san^ile.  At  about  magnet 
SRE260,  a  problem  developed  in  the  epoxy  potting  of  the  coils. 
This  group  of  magnets  trained  slowly,  and  many  of  them  were 
not  trained  to  short  sample.  At  magnet  SRE280  all  known  prob¬ 
lems  were  fixed  and  the  quench  plot  looks  much  better. 

For  the  trim  quadrupoles,  the  support  mechanism  was  much 
more  robust  and  the  problems  of  quality  control  in  production 
were  understood.  Twelve  quadrupoles  have  been  tested  with 
only  one  quench  below  (92%)  the  conductor  limit.  Except  for 
the  epoxy  problem  sextupoles  (which  are  being  100%  tested), 
only  10%  of  these  units  are  subjected  to  quench  testing. 
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Figure  1 .  Cross  Section  of  RHIC  Trim  Quadrupole. 


SRE  bO 


Figure  3.  Sextupole  Notch  Harmonics 


Table  II 

Sextupole  Integral  Field  Harmonics  measured  at  0.25  A  -  300 
magnets 


Harmonic 

Calculated 

Measured 

bn  only^ 

bn 

an 

B2/A(T/m*A) 

8.66 

8.69(0.013) 

b3 

0 

-0.27(1.14) 

-0.06(2.82) 

b4 

0 

-4.58(1.37) 

-0.14(1.17) 

b5 

0 

0.24(0.21) 

0.15(1.01) 

b6 

0 

-2.67(0.55) 

-0.12(0.54) 

b8 

-93.15 

-90.3(0.19) 

-0.31(0.12) 

skew(an)  harmonics  are  calculated  to  be  0 
bn  is  10  "4  of  the  Sextupole  field  at  R=  25mm 
The  measured  values  are  the  mean  of  300  magnets. 
The  rms  spread  is  given  in  ( ) 


Figure  2.  Quench  Histories 
IV.  FIELD  QUALITY  -SEXTUPOLE 

All  of  these  magnets  are  measured  at  room  temperature  at 
0.25  A.  A  small  sample  is  also  measured  at  4.5  K  with  currents 
ranging  up  to  150  A.  There  is  good  agreement  between  the  two 
measurement  techniques.  Table  II  shows  the  low  current  inte¬ 
gral  field  measurements.  The  non-negligible  bO  and  b4  terms 
are  probably  due  to  the  dipole  symmetry  of  the  yoke  assembly. 
Figure  4  shows  a  trend  plot  of  the  transfer  function.  There  ap¬ 
pear  to  be  steps  associated  with  the  fixes  in  the  assembly  tech¬ 
nique.  The  allowed  harmonics  measured  in  49  magnets  at  4.6 
K  are  presented  in  Figure  5.  The  strong  saturation  arises  from 
the  “neck”  of  the  poletip  which  is  narrower  than  optimum.  The 
reproducibility  is  apparent. 


A.  Anomalous  Behavior 

The  bO  and  b4  data  in  Figure  3  show  a  distinct  “notch”  at  45 
A,  this  may  be  a  manifestation  of  the  dipole  symmetry  of  the 
assembly.  This  has  persisted  through  300  magnets  and  appears 
in  both  up  and  down  ramps.  For  mechanical  compatibility  with 
the  rest  of  the  magnets,  the  sextupole  yoke  is  assembled  in  two 
pieces  with  an  overall  dipole  symmetry.  These  harmonics  are 
dipole  symmetric,  but  why  they  should  have  this  reproducible 
variation  with  excitation  is  unknown. 

V.  FIELD  QUALITY  -QUADRUPOLE 

The  low  current  measurements  for  the  trim  quadrupole  are 
presented  in  Table  III.  The  b3  term  is  probably  a  manifestation 
of  the  dipole  assembly  symmetry.  The  difference  between  cal¬ 
culation  and  measurement  for  b5  is  unexpectedly  large,  however 
this  harmonic  is  well  within  the  accelerator  requirements. 
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Figure  4.  Sextupole  Transfer  Function  History 


Current(A) 


Figure  5 .  Sextupole  Allowed  Harmonics . 

Total  49  Magnets  Measured. 
average=dashed  curve.  calculation=solid  curve. 


VL  CONCLUSIONS 

Almost  400  of  these  two  types  of  magnets  have  been  built. 
The  racetrack  coil  mounted  on  an  iron  poletip  design  has  proven 
straightforward  for  commercial  construction.  The  field  quality 
of  all  the  magnets  tested  has  been  acceptable  without  any  iter¬ 
ation.  With  the  final  design  used  for  the  trim  quadrupoles  the 
quench  performance  is  essentially  perfect. 


Table  IH 

Integral  Field  Harmonics  for  Trim  Quadrupoles.  Total  53 
Magnets.  0.25  A  measurements. 


“...All  skew(an)  harmonics  are  calculated  to  be  0 
bn  is  10”4  of  the  Sextupole  field  at  R=  25mm 
The  measured  values  are  the  mean  of  53  magnets. 
The  rms  spread  is  given  in  ( ) 


QRT  TRANSFER  FUNCTION 


0  20  40  60  80  100 


0  20  40  60  80  100 

Current(A) 


Figure  6.  Trim  Quadrupole  Allowed  Harmonics  Saturation  Be¬ 
havior.  Total  1 1  magnets  measured. 
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Abstract 

The  prototypes  of  the  elements  of  UNK  quench  protection  sys¬ 
tem  —  quench  detectors  on  magnetic  modulators,  quench  stop¬ 
per,  safety  leads,  bypass  switches  —  are  studied  on  the  string  of 
4  UNK  superconducting  magnets.  The  string  simulates  the  op¬ 
eration  of  two  quench  protection  units  (QPU).  Many  quenches 
at  the  various  parts  of  SC  circuit  from  IkA  up  to  UNK  nominal 
current  5kA  were  induced.  No  quench  propagation  from  one  to 
another  QPU  was  observed.  Parameters  of  quench  protection 
system  elements  corresponded  to  tolerated  ones. 

L  INTRODUCTION. 

The  quench  protection  system  (QPS)  for  the  UNK  ring  elec¬ 
tromagnet  is  based  on  breaking  the  whole  ring  into  cells  (QPU), 
shunting  them  with  thyristor  switches  placed  at  the  exterior  of 
the  cryostats  at  the  ambient  temperature  and  energy  removal 
from  the  remaining  part  of  the  ring  onto  dump  resistors  [1]. 
QPUs,  each  consisting  of  12  dipole  and  2  quadrupole  magnets, 
are  separated  by  quench  stoppers,  containing  a  pair  of  safety 
leads.  Each  QPU  is  shunted  with  two  quench  bypass  switches. 
The  status  of  the  SC  circuit  is  monitored  by  the  quench  protec¬ 
tion  monitor  system.  It  consists  of  24  quench  protection  mon¬ 
itors  (QPM)  placed  equidistantly  along  the  ring  and  connected 
by  one  network.  Each  QPM  monitors  8  QPU. 

The  QPM  contains  a  bridge  type  quench  detector  on  magnetic 
modulators  (QDMM)  [2].  Such  system  has  two  advantages:  all 
of  the  elements  have  high  radiation  resistance,  and  magnetic 
modulators  have  the  output  signal  isolated  from  power  circuit  of 
SC  magnets,  possessing  an  appreciable  amplitude  on  low  output 
impedance.  This  allows  one  to  place  QDs  in  the  tunnel  just  near 
magnets  and  to  transmit  noise-immune  signals  at  distances  of 
about  1km  to  the  technological  buildings. 

The  study  of  QPS  components  —  QPM  prototype,  quench 
stoppers  (QS),  safety  leads  (SL)  and  quench  bypass  switches 
(QBS)  —  was  carried  out  on  the  string  of  4  SC  magnets  [3]. 

Results  of  this  tests  are  presented  below. 

IL  DESCRIPTION  OF  THE  EXPERIMENTAL 
FACILITY. 

The  string  of  4  UNK  SC  dipoles  simulates  an  action  of  two 
QPUs.  Each  QPU  consists  of  two  SC  dipoles  (Fig.l). 

In  first  QPU  the  coil  of  M 1  and  return  bus  of  M2  are  shunted 
with  QBSl  while  the  coil  of  M2  and  return  bus  of  Ml  are 
shunted  with  QBS2.  In  second  QPU  both  dipoles  and  their  re¬ 
turn  buses  are  shunted  with  single  QBS3. 

Bypass  switches  with  their  firing  systems  were  placed  inside 
a  steel  tube  200mm  in  diameter  for  imitation  the  cooling  con- 
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ditions  at  the  UNK  tunnel,  where  they  have  to  be  placed  into 
special  holes  in  the  wall  of  the  tunnel  to  be  protected  against 
irradiation. 

The  QS  is  two  massive  copper  pieces  with  a  copper  radiator, 
connecting  them.  The  SC  cable  is  soldered  to  one  piece,  while 
the  safety  lead  —  to  another  one.  Two  such  packets  are  placed 
inside  one  jacket  and  cooled  by  helium  flow. 

The  SC  circuit  is  monitored  with  4-channel  quench  detec¬ 
tor  (QD)  based  on  extraction  of  resistive  voltage  of  the  coil  by 
means  of  compensation  technique.  The  threshold  of  this  QD 
is  IV.  When  there  is  a  quench  in  one  of  the  magnet,  e.g.  M2, 
the  QD  fires  the  strip  heaters  in  Ml  and  M2,  the  coils  of  these 
magnets  are  shunted  with  QBSl  and  QBS2,  and  power  supply 
is  turned  out  to  the  reverse  mode.  As  a  result  the  current  in  the 
magnets  Ml  and  M2  decays  very  quickly  and  dissipates  the  en¬ 
ergy  inside  coils,  whereas  the  current  in  M3  and  M4  falls  down 
with  certain  velocity  through  SLl,  SL2,  QBSl  and  QBS2. 

Numerous  spot  heaters  and  voltage  taps,  placed  at  various 
parts  of  SC  circuit,  are  employed  to  induce  the  normal  phase 
and  observe  the  quench  propagation. 

Tests  of  QPM  prototype  were  made  in  passive  mode,  i.e.  its 
output  signals  were  recorded  but  made  no  actions.  Fig.l  shows 
the  scheme  of  connecting  magnetic  modulators  (MM)  to  the 
magnets.  Four  MMs  (MM1-MM4)  are  connected  to  the  diag¬ 
onal  of  the  bridge  circuit  (BC),  two  arms  of  which  are  com¬ 
bined  by  two  half  coils  of  each  dipole.  The  fifth  MM  (MMg) 
is  connected  to  the  diagonal  of  the  BC,  two  arms  of  which  are 
combined  by  two  coils  each.  One  MM  (MMu)  is  connected  di¬ 
rectly  to  power  leads  and  used  in  the  mode  of  linear  amplifier  to 
measure  the  voltage  drop  of  the  string.  The  BCs  with  MMs  are 
enclosed  into  steel  boxes  which  are  fixed  directly  at  SC  dipole 
cryostats  and  connected  with  QPM  by  means  of  cables  700m 
long. 

Fig.2  shows  the  structure  of  the  QPM  prototype.  It  con¬ 
tains  modules  needed  for  registration  of  signals  from  one  QPU 
only  (instead  of  8  for  the  series  QPM  [2]):  an  amplifier-shaper 
(AMP),  module  of  the  cell,  module  of  counters  and  also  some 
modules  common  for  all  cell:  timer,  16-bit  microprocessor, 
RAM,  interface  and  input/output  module. 

AMP  supplies  all  of  MMs  with  ac  voltage  (meander  having  a 
frequency  of  IkHz  and  amplitude  of  40V).  The  cell  module  is 
used  to  convert  signals  from  output  coils  of  all  MMs.  Each  con¬ 
version  channel  contains  a  scheme  to  detect  breaks  of  wires  in 
the  input  circuits  of  MMs,  a  differential  amplifier,  demodulation 
scheme,  filter  and  voltage-frequency  converter  (VFC).  Signals 
from  outputs  of  all  VFCs  are  converted  into  a  parallel  binary 
code  with  the  help  of  20-channel  module  of  counters,  whose 
measurement  time,  20mS,  is  specified  by  timer. 

All  status  signals  are  collected  and  steering  signals  are 
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Figure  1.  Electrical  diagram  of  4  magnet  string  with  quench  detectors:  M1-M4  -  SC  dipole  magnets,  PS  -  power  supply,  PL  - 
power  leads,  SL  -  safety  leads,  QBS  -  quench  bypass  switches,  V  -  spot  heater,  A,B,C  -  potential  taps,  BC  -  bridge  circuits,  MM  - 
magnetic  modulators. 


sent  to  executive  blocks  through  the  input/output  module. 
A  K1810BM86  microprocessor  monitors  the  operation  of  all 
blocks  as  well  as  performs  the  on-line  data  acquisition  task,  so 
the  information  before  and  during  quench  is  recorded.  IBM  PC- 
AT  serves  as  an  operator’s  console  and  allows  one  to  set  the 
QPM  operation  mode  and  to  stock  quench  data. 

IIL  TEST  RESULTS. 

Quenches  in  some  QPU  were  induced  by  strip  or  spot  heaters 
on  various  currents  in  the  string.  The  current  in  magnets,  where 
quench  induced,  is  dumped  within  '*^ls  whereas  the  string  cur¬ 
rent  is  forced  to  fall  down  with  constant  rate  170 A/s  through 
safety  leads  and  bypass  switches.  This  fall  down  rate  was  cho¬ 
sen  so,  that  on  the  UNK  operation  current,  5250A,  the  load  in¬ 
tegral  f  Pdt  at  SL  and  QBS  to  be  slightly  above  of  the  UNK 
operational  level  (260  MIITs).  The  maximum  energy  dissipated 
in  thyristors  was  80kJ  but  their  temperature  increased  for  20-30 
C  only. 

The  maximum  temperature  of  cold  part  of  SL  attained  lOK 
whereas  the  temperature  of  copper  piece  of  QS  where  the  SC 
cable  is  soldered  did  not  exceed  6K  and  caused  no  quench  in  the 
SC  cable.  In  all  cases  of  quenches  induced  in  some  QPU,  no 
quench  propagation  to  another  QPU  was  observed  at  the  range 
of  currents  from  600  to  5250A. 

The  balancing  of  bridge  circuits  was  carried  out  at  ambient 
temperature  by  means  of  powering  the  string  with  ac  of  50Hz 


frequency  and  16V  voltage.  After  string  cool  down  the  balance 
was  verified  on  the  500A  triangular  current  pulses  with  a  nom¬ 
inal  UNK  ramp  rate  of  120 A/s.  The  string  voltage  was  ~20V. 
The  disbalance  of  MM1-MM4  did  not  exceed  some  millivolts 
and  the  MMg  disbalance  —  40mV  .  For  magnet  protection  pur¬ 
poses  the  threshold  of  quench  detection  on  the  single  dipole 
should  be  ~250mV  and  on  group  of  dipoles  —  0.5-1  V.  So,  the 
MMs  disbalance  is  ten  times  less  than  tolerated  threshold  levels. 

During  tests  the  QPM  reliably  detected  all  induced  quenches 
as  well  as  spontaneous  ones.  For  the  illustration  Fig.3  and  4 
show  output  signals  of  MM2  and  MM3  during  the  quench  in¬ 
duced  in  dipole  M3  at  the  current  2000A,  while  there  were  no 
quenches  in  Ml  and  M2.  It  is  seen  that  after  heater  firing  the 
output  signal  of  MM3  (Fig.3)  rapidly  increased  up  to  threshold 
level  (further  behavior  of  this  signal  is  determined  by  MM  core 
saturation  as  well  as  by  quench  development  in  the  coil  and  is 
not  yet  essential  for  quench  detection  purposes).  The  MM2  out¬ 
put  signal  was  20  times  less  than  the  threshold  level  (Fig.4). 

In  order  to  investigate  the  possibility  to  use  the  QDMM  for 
quench  detection  in  long  SC  cables  the  following  test  has  been 
done.  Instead  of  voltage  tap  A  (Fig.l)  the  voltage  tap  B  was 
connected  to  the  BCl,  i.e.  a  piece  of  SC  cable  BC  2.5m  long 
from  the  half  cell  M3  was  additionally  introduced  into  an  arm 
of  BCl.  The  quench  was  initiated  in  SC  cable  BC  by  spot  heater 
V 10  (Fig.l)  at  the  current  5000 A.  The  normal  phase  propagated 
into  coil  of  dipole  M3  and  was  detected  by  QD  as  a  quench  in 
dipole  M3.  There  was  no  quench  in  the  half  cell  Ml,  but  the 
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MMl  output  signal  had  shown  the  quench  development  in  the 
SC  cable  BC  (Fig.5). 

The  analysis  of  these  results  lead  to  the  conclusion,  that  the 
reliable  detection  of  normal  phase  in  the  long  SC  cable  can  be 
acheeved,  choosing  the  proper  transfer  function  of  the  MM. 

For  checking  the  possibility  to  localize  shorts  of  the  power 
circuit  onto  ground  the  string  was  powered  by  ac  like  in  the  case 
of  MM  balancing,  and  different  points  of  the  power  circuit  con¬ 
nected  onto  ground  through  potential  taps.  Short  circuit  points 
were  localized  by  QPM. 

IV.  CONCLUSION. 

The  string  tests  demonstrated  good  operational  performances 
of  quench  protection  system  components  —  quench  stopper, 
safety  leads,  quench  bypass  switches.  Their  parameters  corre¬ 
spond  to  tolerable  ones  for  the  reliable  protection  of  UNK  SC 
magnets  during  a  quench.  Simple  and  nonexpensive  quench  de¬ 
tectors  on  magnetic  modulators  can  be  used  for  developing  of 
reliable  quench  protection  system  for  the  high  energy  accelera¬ 
tors. 
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Figure  3.  Output  signal  from  MM3  during  the  quench  induced 
in  dipole  M3  at  the  current  2000A. 


Figure  4.  Output  signal  from  MM2  during  the  quench  induced 
in  dipole  M3  at  the  current  2000A. 
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Figure  5.  Output  signals  from  MMl  corresponded  to  normal 
phase  in  the  connecting  cable  (up)  and  from  MM3  (down). 


Figure  2.  Diagram  of  QPM  prototype. 
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TWO  ALTERNATE  HIGH  GRADIENT  QUADRUPOLES;  AN  UPGRADED 
TEVATRON IR  AND  A  ‘TBPE’’  DESIGN ,  * 

A.D.  Mclnturff,  J.M.  van  Oort  and  R.M.  Scanlan,  Lawrence  Berkeley  Laboratory,  Berkeley,  CA  94720 


The  present  Fermilab  IR  quadrupole  lenses  achieve  a  50% 
increase  in  gradient  over  their  predecessors.  This  was 
accomplished  by  the  following  developments:  a)  a  more  dense 
winding  (Kapton  insulation  only,  eliminating  the  fiberglass- 
epoxy),  b)  an  improvement  in  critical  current  density  to 
Jc(5T,  4.2K)  =  3  kA/mm^  and  c)  a  higher  aspect  ratio  cable 
>11/1  and  d)  finer  strand  (0.53  mm  diameter).  The  natural 
evolution  of  this  design  to  the  CERN  70  mm  aperture 
quadrupole  results  in  the  following  :  a)  a  reduction  in 
operational  temperature  (4.8K-1.9K),  b)  improvement  of 
Jc(10T,  2.0K)  >  2  kA/mm^  and  c)  a  higher  aspect  ratio  cable 
>  13/1  and  d)  finer  strand  (0.48  mm  diameter).  These  two- 
layer  designs  should  achieve  the  required  operational  gradient 
of  250  T/m  with  at  least  a  5%  margin  on  the  short-sample 
load-line  intersection.  These  high  current  densities  also 
require  turn-off  times  <  0.2  s  after  transition  to  the  normal 
state.  Such  a  short  time  requires  an  advanced  protection 
heater  design.  The  status  of  the  design  and  the  experimental 
development  will  be  reported.  New  design  concept 
quadrupole  calculations  are  presented  as  well.  This  concept, 
using  an  active  flux  return  is  being  proposed  as  a  possible 
candidate  design  for  a  future  higher  gradient  requirement. 

1.  INTRODUCTION 

With  the  U.S.  cancellation  of  the  SSC  project,  the  only 
large  approved  hadron  accelerator  project  is  CERN’s  LHC 
[1].  One  of  the  more  critical  elements  in  the  performance  of  a 
collider  is  the  quadrupole  lens  at  the  beam  collision  points. 
These  quadrupoles,  usually  referred  to  as  the  “insertion 
quads”  normally  form  a  set  of  triplets  around  the  interaction 
region.  Their  focal  power  directly  affects  the  luminosity 
available  at  the  crossing  point.  In  order  to  achieve  as  high  a 
gradient  as  possible,  the  CERN  design  team  has  proposed  a 
very  efficient  high  gradient  quadrupole  which  is  based  on  a 
graded  four-layer  winding  structure  [2].  At  Fermilab’s 
Tevatron,  an  upgraded  two  layer  winding  quadrupole  has 
been  in  operation  since  1989,  and  has  provided  a  50%  higher 
gradient  than  it’s  predecessor.  The  quadrupole  was  basically 
state  of  the  art  when  it  was  designed  in  1985  [3].  Since  then 
however,  improvements  have  been  made  in  cabling, 
conductor  performance,  etc.  Naturally,  operation  of  a 
modernized  version  of  this  design  can  provide  higher 
capabilities.  This  improved  two  layer  design  can  serve  as  an 
alternative  to  the  more  intricate  graded  four  layer  design  now 
envisioned  for  the  LHC,  provided  it  can  obtain  the  proposed 
gradient.  An  outline  for  the  development  program  required 
for  the  implementation  of  this  option  is  as  follows  : 


I  Raise  the  coil  current  density  by 

A.  Improved  conductor  performance  at  high  field  by 

1.  Lowering  the  temperature  to  superfluid  helium  at 
1.8  K 

2.  New  higher  j^,  ternary  material  (NbTiTa) 

3.  Concentrating  artificial  pinning  center  work  on  high 
field  jc’s. 

B.  Better  coil  quench  protection,  thus  lowering  the  copper 
volume  required  by 

1.  Increasing  the  quench  detection  sensitivity 

2.  Improving  the  protection  heater  design  to  produce  a 
shorter  current  decay  time  (more  distributed  quench) 

C.  Implement  a  “wind  and  react  Nb3Sn”  technology  into 
the  quadrupole  program  [4]. 

II  Increase  the  cable  aspect  ratio  (more  turns  closer  to  the 
aperture)  to  increase  magnetic  efficiency 

A.  Coupling  problems  need  to  be  addressed 

1 .  Higher  and  more  consistent  strand/strand  resistances 

2.  Reduction  of  the  filament  size  (<6  |Xm)  and  a  better 
inherent  magnetization  value. 

II.  THE  ALTERNATE  DESIGN  PARAMETERS 

The  proposed  conductor  parameters  are  given  in  Table  1 . 
These  parameters  have  been  achieved,  however,  in  some 
cases  it  was  only  on  a  few  laboratory  samples.  No 
improvement  is  necessary  however  to  achieve  the  operational 
field  plus  a  five  percent  margin  point  for  the  conductor 
current  density. 

Table  1  Conductor  parameters 


Alloy 

NbTiTa 

Strand  diameter  (mm/inch) 

0.4775/ 0.01 88!^;^ 

Strand  twist  pitch  (twists/cm) 

1  (left) 

Number  of  strands 

44 

Copper  to  superconductor  ratio 

1.5/1 

Number  of  filaments,  spacing 

2450,  <0.2  |xm 

jc  at  1.8  K,  10  T  (A/nrni^) 

2390(~1850  temary[5]) 

Cable  twist  length 

89.27  mm  (right) 

Cable  dimensions  and  keystone 
angle 

0.792x10.744  mm 
0.940  degrees 

Even  though  the  minimum  conductor  performance 
numbers  have  been  achieved,  the  higher  design  goal  values 
would  allow  the  limitations  to  be  removed. 
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The  margins  are  increased  in  other  critical  areas  if  they  are 
obtained.  The  higher  aspect  ratio  cable  will  certainly  require 
strand  to  strand  cross-over  resistances  which  are  higher  and 
well  controlled  to  minimize  ramp  rate  effects  of  quenches, 
harmonics,  their  variations  in  magnitude  as  well  as  their 
change  with  respect  to  time.  The  present  Tevatron  quadrupole 
has  up  to  a  20%  linear  degradation  of  achievable  peak 
gradient  with  ramp  rates  up  to  200  A/s  [6].  This  sensitivity 
can  and  should  be  substantially  reduced.  The  parameters  of 
the  cold  mass  including  the  winding  and  iron  shield  are  given 
in  Table  2.  The  two  layer  quadrupoles  that  had  been 
previously  constructed  for  the  Tevatron  have  a  history  of 
training.  They  have  on  the  average  required  approximately  10 
quenches  to  reach  the  estimated  short  sample  (or  slightly 
above)  critical  current  [6]. 


Table  2  Winding  and  cold  mass  parameters 


Inner  layer 

Outer  layer 

Number  of  turns  per  pole 

22, 1  wedge 

32, 1  wedge 

Inner  dia.  w/o  insulation 

70.00  mm 

92.14  mm 

Outer  dia.  w/o  insulation 

91.64  mm 

113.78  mm 

Cable  length  /  mass 

231  fl/pole 

336  ft/pole 

Heater  composite  Kapton 
/  Cu  or  w/o  Cu  steel 

12.5  |xm  s.s.  total  17  |xm 
with  8  |xm  ground  insul. 

Coil  inductance  /unit  1. 

8.74  mH/m 

Calculated  field  har¬ 
monics  (l/(cm)^'^)xl0^ 

b(6)  =  0.31 
b(10)=  0.0057 
b(14)=  0.00005 

Transfer  function 

41.37  T/mkA 

Iron  shield  diameters 

13.6  cm  (ID)  30.5  cm  (OD) 

This  problem,  though  not  fatal,  should  be  addressed.  The 
superfluid  tests  of  those  quads  were  not  completed  to  the 
(estimated)  short  sample  current  due  to  marginal  protection 
heaters. 

When  measured,  the  series  of  thirty  plus  low-beta 
Fermilab  quads  were  found  to  have  a  few  units  of  harmonics 
due  to  construction  variations  and  distortions.  The  largest 
was  found  to  be  the  out  of  phase  sextupole  term.  The  updated 
version  of  the  two  layer  coil  has  the  following  features  which 
should  alleviate  or  at  least  reduce  the  problems  previously 
found  in  the  older  series  as  well  as  simplifying  construction 
when  compared  to  a  four  layer  graded  structure.  The  outer 
winding  is  actually  radial.  This  enables  an  easier  and  more 
symmetric  loading  of  the  inner  winding.  The  pole  angle  is 
exactly  the  same  for  the  inner  and  outer  windings.  This  again 
facilitates  the  uniform  loading. 

A  60  mm  quadrupole  load  line  intersects  the  short  sample 
surface  at  310  T/m  ,  whereas  a  70  mm  aperture  would 
intersect  at  265  T/m.  This  illustrates  the  effect  of  the  aperture 
on  the  maximum  gradient,  the  comparison  was  made  between 
60  mm  and  70  mm  bore  size  two  layer  windings.  If  the  two 
layer  structure  turns  out  to  be  accurate  enough  and  the  beam 


is  collimated  well  enough,  then  a  reduction  in  aperture  to 
60  mm  would  increase  the  gradient  margin  significantly.  The 
single  wedge  will  allow  the  ends  to  be  integrally  corrected  for 
one  harmonic. 

There  are  some  rather  general  comments  that  can  be  made 
about  coil  protection  and  examples  given  to  illustrate  these 
points.  The  current  decay  time  constant  after  a  quench  for  the 
existing  Tevatron  quadrupoles  is  required  to  be  less  than 
500  ms  at  4.8  K,  where  the  old  double  strip  heaters  work 
well.  The  required  time  constant  reduces  to  250  ms  at  1.8  K, 
and  the  strip  heaters  are  then  marginal.  The  time  constant  for 
the  LHC  four  layer  quad  must  also  be  less  than  250  ms,  as 
well  as  for  the  alternate  two  layer  design.  The  two  layer 
design  has  an  inductance  on  the  order  of  8.7  mH/m,  the  four 
layer  has  about  24  mH/m,  therefore  both  must  have  a  very 
effective  state  of  the  art  quench  protection  heater  and 
detection  system,  the  more  critical  obviously  being  the  four 
layer  structure.  There  have  been  photo-etched  stainless  steel 
heaters  that  are  partially  copper  plated,  sandwiched  between 
Kapton  films,  which  are  capable  of  producing  the  down 
ramps  needed.  The  advantages  of  the  high  aspect  radio  cables 
and  finer  strands  are  shown  in  Figure  1.  These  cables  result 
in  approximately  the  same  maximum  winding  temperature 
versus  current  decay  time  after  quench  for  a  given  initial 
current. 


4  5  6  7  8  9  10 
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Figure  1  Alternate  two  layer  design  LHC  IR  quadrupoles 


III.  AN  ALTERNATE  ACTIVE  FLUX  RETURN 
“PIPE-QUADRUPOLE” 

Another  important  issue  in  the  design  of  an  IR  quadrupole 
is  the  large  radiation  load  in  the  magnet.  This  radiation 
might  cause  a  significant  temperature  rise  in  the  winding 
package  when  it  is  not  adequately  cooled.  This  problem  will 
become  especially  important  for  possible  future  higher 
luminosity  accelerators.  A  Nb3Sn  quadrupole  design  that 
significantly  reduces  the  radiation  heating  problem  at  the 
expense  of  more  superconductor  is  presented  here.  The  design 
is  an  extrapolation  of  a  so-called  pipe-dipole  [7]  to  a 
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quadrupole  geometry.  The  magnet  is  essentially  built  with 
four  intersecting  elongated  toroids,  of  which  the  inner  coils 
provide  the  high  gradient  and  harmonics  optimization,  and 
the  outer  coils  an  active  flux  shield.  The  whole  structure  is 
wound  on  a  stainless  steel  “pipe”,  and  contained  in  a 
relatively  small  iron  yoke.  The  design  concept  is  illustrated  in 
Figure  2.  The  figure  shows  a  cross-section  of  one  quadrant  of 
the  magnet,  in  which  the  inner  coil  at  the  bottom  returns  to 
the  right  outer  coil,  and  the  top  outer  coil  to  the  left  inner 
coil.  The  diameter  of  the  entire  structure  is  about  40  cm. 


The  major  benefit  of  this  coil  arrangement  is  the  absence 
of  conductor  volume  in  the  horizontal  axis  close  to  the  beam- 
pipe,  where  the  radiation  load  is  the  highest.  The  free  volume 
within  those  coils  can  be  used  to  cool  the  coils  from  the  inside 
with  a  liquid  helium  cooling  pipe.  Due  to  the  fact  that  the 
conductor  windings  are  positioned  further  away  from  the 
bore,  more  conductor  is  needed  than  in  a  conventional 
quadrupole  design. 

The  current  design  uses  no  internal  iron  within  the  “flux- 
pipe”  to  minimize  the  non-linearity  of  the  field  harmonics. 
The  multipoles  are  minimized  by  shaping  the  area  of  the  coil 
closest  to  the  beam-pipe,  and  by  grading  the  coils  in  three 
layers  with  two  different  conductors.  It  is  possible  to  change 
the  material  in  the  flux-pipe  to  iron  and  shape  it  to  minimize 
the  unwanted  field  harmonics,  however,  the  multipoles  would 
become  non-linear  with  current. 

The  gradient  of  the  design  can  range  between  280  T/m  up 
to  350  T/m  depending  on  the  material  used,  and  whether 
aggressive  current  grading  is  used.  The  maximum  gradient  of 
350  T/m  is  obtained  with  a  Teledyne  Wah  Chang  Albany 
(TWCA)  Modified  Jelly  Roll  material  at  the  short  sample 
limit,  however,  this  conductor  has  a  fairly  large  effective 
filament  diameter  in  the  order  of  50  ^m  after  reaction.  By 


using  a  more  conservative  conductor,  i.e.  not  optimized  for 
high  current  density,  one  can  obtain  a  field  gradient  of  about 
280  T/m.  This  gradient  is  comparable  to  the  maximum 
gradient  for  the  LHC  design,  with  the  added  benefit  of  a 
smaller  quadrupole  magnet  and  less  sensitivity  to  radiation 
heating  of  the  windings.  With  a  total  cross-section  (including 
the  iron  yoke)  of  about  half  the  size  of  a  conventional 
quadrupole  magnet,  such  a  design  has  the  advantages 
previously  mentioned  over  the  cosine-O  geometiy. 

The  construction  of  a  winding  like  this  might  look 
difficult  at  a  first  glance,  but  is  actually  quite  simple.  The 
conductor,  which  can  be  a  standard  Rutherford  type  cable,  or 
even  a  tape,  would  be  wound  onto  the  flux-pipe  material  in 
segments,  just  like  a  toroid  winding.  The  flux-pipe  itself  can 
be  made  out  of  a  large  stainless  steel  or  iron  rod  by 
machining  out  the  liquid  helium  conduits  and  slots  for  the 
inner  coil.  This  automatically  assures  accurate  placement  of 
the  conductors,  which  minimizes  field  harmonic  errors  due  to 
imprecise  winding.  After  winding  the  coil  would  be  reacted, 
and  then  clamped  in  the  iron  outer  yoke.  The  entire  structure 
would  then  be  held  together  by  either  an  outer  cylinder  or  a 
wire- wrap  technique  similar  to  the  “D20”  magnet  [4]. 

In  summary,  a  high  gradient  quadrupole  with  a  “pipe” 
layout  can  be  considered  as  a  possible  candidate  for  future 
large  collider  insertion  regions.  It  is  possible  to  fine-tune  the 
design  to  obtain  a  good  field-quality,  the  conductor  is  well 
cooled  in  case  of  a  large  radiation  heat  load,  and  the  overall 
structure  is  smaller  than  a  conventional  quadrapole  with  a 
comparable  field  gradient. 
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A  superconducting  focusing  solenoid  for  X-band 
klystron  has  been  developed.  The  system  consists  of  a 
conduction  cooled  NbTi  solenoid,  high  Tc  superconductor 
current  leads,  and  a  GM  refrigerator.  The  GM  refrigerator 
can  cool  down  the  solenoid  from  the  room  temperature  to 
below  4  Kelvin  by  4  days.  This  allow  us  to  operate  the 
system  without  supplying  any  cryogen  such  as  liquid 
helium  or  nitrogen.  The  solenoid  produces  a  desired  field 
profile  whose  maximum  value  is  about  7  kGauss.  A  normal 
conducting  bucking  coil  is  also  implemented  in  order  to 
tune  the  field  at  the  cathode.  Cool  down  tests  performed  at 
MELCO,  KEK,  and  SLAC  confirmed  that  the  system  can 
be  cooled  down  by  4  days.  Field  measurements  performed 
at  those  places  confirmed  that  the  field  profile  is  very  stable 
between  thermal  cycles. 

L  INTRODUCTION 

The  X-band  klystron,  now  being  developed  at  KEK 
[1],  requires  a  focusing  solenoid  whose  warm  bore  aperture 
is  about  180  mm  and  maximum  axial  field  is  7  kGauss.  The 
normal  conducting  solenoid  used  now  consume  electric 
power  of  about  50  kW.  Use  of  superconducting  solenoid, 
therefore,  was  considered  in  order  to  reduce  this  electric 
power  consumption.  A  superconducting  magnets,  in 
general  however,  is  needed  to  be  cooled  down  by  liquid 
helium  and  special  skills  are  required  to  cool  down  the 
magiiet.  The  superconducting  solenoid  system  developed 
for  the  X-band  klystron  contains  a  conduction  cooled 
superconducting  solenoid,  cooled  by  a  Gifford-McMahon 
type  refrigerator,  which  allows  us  to  operate  the  system 
without  supplying  any  cryogen  [2,3].  The  solenoid  is 
cooled  down  to  an  operation  temperature  of  about  4  K  just 
by  supplying  electric  power  of  6  kW  and  cooling  water. 
The  system  is  successfully  tested  at  MELCO,  KEK,  and 
SLAC.  The  cool  down  performance  and  field  measurement 
results  obtained  during  these  tests  will  be  reported. 

11.  SYSTEM  CONFIGURATION 

Figure  1  shows  a  configuration  of  the  superconducting 
focusing  solenoid  system  for  the  X-band  klystron.  The 
main  components  of  the  system  are  a  conduction  cooled 


superconducting  solenoid,  a  Gifford-McMahon  type 
refrigerator,  and  high  Tc  superconductor  current  leads. 


Figure  1  Configuration  of  the  superconducting  focusing 
solenoid  system  for  the  X-band  klystron 

A.  Solenoid  [2-4] 

The  solenoid  consists  of  three  coils  which  are  wound 
in  series  on  a  stainless  steel  bobbin  which  is  thermally 
connected  to  the  cold  head  of  the  refrigerator  by  a  copper 
bar.  The  coils  were  cooled  by  heat  conduction  through  the 
copper  bar  and  stainless  steel  bobbin.  The  solenoid,  the 
inner  diameter  250  mm,  the  outer  diameter  400  mm,  the 
overall  axial  size  280  mm  and  the  overall  inductance  36  H, 
produces  a  maximum  central  field  of  about  0.7  T  at  the 
operation  current  of  17.62  A.  The  critical  temperature  at 
the  operation  is  about  9  K.  The  solenoid  is  wound  from  a 
wire  whose  copper  to  NbTi  ratio  is  4.5  and  diameter  is  ^ 
0.76  mm.  A  normal  conducting  bucking  coil  is 
implemented  in  order  to  tune  the  field  in  the  region  where  a 
cathode  will  be  placed. 

B,  GM  Refrigerator  [2,3] 

The  system  is  implemented  with  a  two  staged  Gifford- 
McMahon  type  refrigerator  whose  refrigeration  power  is 
30  W  at  40  K  and  1.1  W  at  6  K.  The  fact  that  the  actual 
heat  load  to  the  6  K  head  is  about  0.2  W  allows  the  system 
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to  cool  down  the  coils  to  below  4  K  which  give  us  a 
significant  amount  of  operation  margin. 

C.  High  Tc  Material  Current  Leads  [2,3,5] 

High  Tc  material  current  leads  are  used  to  reduce  the 
heat  penetration  from  the  40  K  shield  to  the  6  K  cold  head. 
The  leads  are  constructed  from  a  pair  of  200  mm  length,  10 
mm  width,  and  1  mm  Bi-2223  phase  bulk  plates  reinforced 
by  GFRP.  The  calculated  critical  current  at  77  K  is  about 
70  A  and  tested  at  25  A  under  warm  and  cold  head 
temperatures  of  about  50  K  and  4  K.  The  heat  penetration 
from  the  50  K  head  from  the  4  K  head  is  46  mW  which  is 
significantly  smaller  than  the  case  using  the  optimized 
copper  leads  which  is  about  450  mW.  Copper  leads, 
300  mm  length  and  5  mm^  cross  section,  are  used  between 
room  temperature  and  the  40  K  shield. 

III.  CRYOGENIC  PERFORMANCE 

Temperatures  of  three  coils  during  a  thermal  cycle  is 
shown  in  Figure  2.  The  data  is  taken  during  the  first  testing 
cycle  at  KEK.  The  figure  shows  that  the  solenoid  is  cooled 
down  from  the  room  temperature  to  the  operation 
temperature  of  about  4  K  by  4  days.  After  cold  testing,  the 
refrigerator  is  turned  off  and  the  system  is  warmed  up  to 
the  room  temperature  which  takes  about  10  days.  Another 
thermal  cycle  has  been  performed  at  KEK  and  three  more 
cycles  have  been  performed  at  SLAC,  In  all  the  cycles  the 
cool  down  and  warm  up  duration  were  nearly  the  same 
indicating  the  cryogenic  performance  is  stable  over  the 
cycles. 


A  quench  test  was  performed  at  MELCO  [6].  The 
refrigerator  was  turned  off  while  the  solenoid  was  excited 
to  105  percent  of  the  operation  current.  The  solenoid 
quenched  about  1  hour  and  20  minutes  after  the  refrigerator 
was  stopped.  The  solenoid  quenched  at  9  K  and 


temperature  reached  to  20  K  after  the  quench.  After  the 
quench,  three  hours  of  refrigerator  operation  was  required 
to  recover  the  system  to  the  operation  temperature. 

IV.  FIELD  MEASUREMENTS 

Both  axial  and  transverse  field  measurements  were 
made  over  several  thermal  cycles  in  order  to  confirm  the 
reproducibility  of  the  field  through  cycles. 

A.  Axial  Field  Measurement 

Examples  of  measured  results  are  shown  in  Figure  3  in 
comparison  with  specification.  The  measurements  shown 
were  taken  during  the  first  thermal  cycle  at  KEK  and  the 
first  thermal  cycle  at  SLAC.  The  both  measurements  were 
made  using  hall  probes  which  are  aligned  and  moved  to 
measure  the  axial  field  along  the  solenoid  center.  The 
measurements  are  taken  under  the  nominal  operation 
currentsfor  the  superconducting  solenoid  of  17.62  A.  No 
curmet  is  fed  to  the  bucking  coil.  The  two  measured  results 
overlay  each  other  indicating  that  field  reproducibility  over 
thermal  cycles,  including  the  shipping  from  Japan  to  USA, 
is  satisfactory.  The  differences  between  the  specification 
and  the  measured  results  are  below  5  percent,  the  required 
axial  field  tolerance,  except  in  die  low  field  region  around 
the  cathode  position  where  the  field  can  be  tuned  by  the 
bucking  coil.  The  current  required  for  bucking  coil  to  tune 
the  field  at  the  cathode  position  turns  out  to  be  about  14  A. 
The  bucking  coil  is  tested  and  confirmed  that  it  can  reach 
to  that  current. 


B.  Transverse  Field  Measurement 

Transverse  field  measurements  are  made  at  SLAC 
using  a  rotating  coil  system.  The  rotating  coil  is  a  radial 
coil  whose  radius  is  about  5  cm  and  length  is  about  2.5  cm. 
The  coil  was  calibrated  under  an  uniform  field  and  it 
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produces  1  V  at  167  Gauss  under  a  rotation  speed  of  37  Hz. 
The  rotating  coil  is  aligned  such  that  its  rotating  axis  is 
normal  to  the  top  surface  of  the  top  pole  peace,  and  it 
travels  along  the  solenoid  center.  Measured  results  taken 
during  the  second  and  third  thermal  cycle  is  presented  in 
Figure  4.  Figure  4-a  shows  amplitudes  of  the  transverse 
fields  and  Figure  4-b  shows  phases.  The  phases  are  defined 
counter  clockwise  looking  the  solenoid  from  the  top 
starting  from  the  angle  which  is  rotated  90  degree 
clockwise  from  the  refrigerator.  The  measurements  were 
taken  under  nominal  currents  of  17.62  A  for  the  solenoid 
and  0  A  for  the  bucking  coil.  The  measurements  were  made 
without  changing  the  alignment  of  the  measuring  system 
from  the  second  thermal  cycle  to  the  third  one. 


Figure  4  Transverse  field  measurements  a)  amplitude 
b)  phase 

Two  plots  overlay  each  other  indicating  that  the  field 
alignment  is  not  changed  from  the  second  to  third  thermal 
cycle.  The  maximum  amplitude  of  the  transverse  field  is 
about  18  Gauss  which  is  beyond  the  tolerance  required  for 
this  solenoid  which  is  1/500  of  the  axial  field,  i.e.  about 
14  Gauss.  Two  sources  can  be  considered  for  this 
transverse  field;  1)  misalignment  of  the  solenoid,  2) 


misalignment  of  the  rotating  coil.  In  order  to  examine  the 
source  2,  the  alignment  of  the  rotating  coil  is  re-checked 
after  measurements.  It  was  confirmed  that  the  rotating  coil 
was  aligned  correctly  with  respect  to  the  top  surface  of  the 
top  pole  peace.  It  was  found,  however,  the  top  surface  of 
the  top  pole  piece  is  not  exactly  perpendicular  to  the 
solenoid  axis,  defined  by  the  line  connecting  the  centers  of 
the  top  and  bottom  pole  pieces.  This  results  in  the  rotating 
coil  misalignment  of  about  0.9  mrad  towards  56  degree 
direction  with  respect  to  the  solenoid  axis  which  can 
produce  about  6  Gauss  of  transverse  field.  In  fact,  the 
transverse  field  compensated  for  this  effect  reduced  its 
maximum  amplitude  to  12  Gauss.  The  value  is  below  the 
tolerance  and  that  the  field  quality  of  the  solenoid  may 
sustains  actual  use  of  the  solenoid  on  power  tests  of  a 
klystron. 


V.  CONCLUSION 

A  superconducting  focusing  solenoid  system  for  an  X- 
band  klystron  has  been  developed.  The  system  consists  of  a 
conduction  cooled  superconducting  solenoid,  a  GM 
refrigerator  and  high  Tc  material  current  leads.  The  system 
cools  down  to  the  operation  temperature  of  about  4  K  by  4 
days  just  by  turning  on  the  refrigerator.  Axial  field 
measurements  were  performed  at  KEK  and  SLAG.  It  was 
confirmed  that  the  field  is  stable  over  the  thermal  cycles 
and  the  field  profile  is  satisfactory.  Transverse  field 
measurements  were  performed  at  SLAG.  It  was  also 
confirmed  that  the  field  is  unchanged  over  a  thermal  cycle. 
The  amplitude  of  the  transverse  field  appears  to  be  within 
the  tolerance.  The  system  is  now  shipped  backed  to  KEK 
and  waiting  for  actual  use  on  power  tests  of  a  klystron. 
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A  fflGH  GRADIENT  SUPERCONDUCTING  QUADRUPOLE  FOR  A  LOW 

CHARGE  STATE  ION  LINAC 

J.W.  Kim,  K.W.  Shepard,  and  J.A.  Nolen,  Argonne  National  Laboratory,  Argonne,  IL  60439  USA 


A  superconducting  quadrupole  magnet  has  been  designed  for 
use  as  the  focusing  element  in  a  low  charge  state  linac  proposed  at 
Argonne.  The  expected  field  gradient  is  350  T/m  at  an  operating 
current  of  53  A,  and  the  bore  diameter  is  3  cm.  The  use  of 
rare  earth  material  holmium  for  pole  tips  provides  about  10  % 
more  gradient  than  iron  pole  tips.  The  design  and  the  status  of 
construction  of  a  prototype  singlet  magnet  is  described. 

L  INTRODUCTION 

A  radioactive  ion  beam  facility  proposed  at  ANL  [1]  [2]  re¬ 
quires  accelerating  ions  with  q/m  >  1/66  and  (~v/c)  >  0.004 
through  a  superconducting  drift  tube  linac.  In  the  present  ATLAS 
linac,  the  transverse  focusing  elements  are  8  tesla  superconduct¬ 
ing  solenoids,  which  are  used  for  beams  with  a  q/m  >  1/10  and 
P  >  0.008  [3].  However,  the  low  charge  state  beams  contem- 
pleted  here  require  much  stronger  focusing;  magnetic  solenoid 
elements  would  need  to  produce  axial  fields  higher  than  15  tesla 
for  adequate  transverse  focusing.  More  effective  focusing  can 
be  obtained  with  either  magnetic  or  electric  quadrupoles.  We 
ruled  out  electrostatic  quadrupoles  because  of  uncertainty  both 
in  holding  the  required  voltage  and  in  operation  at  4  K.  Consid¬ 
ering  magnetic  elements,  permanent  magnet  quadrupoles  have 
been  used  for  drift-tube  linacs,  but  in  the  present  application 
would  need  complete  shielding  to  avoid  trapped  flux  and  exces¬ 
sive  rf  loss  in  the  neighboring  superconducting  cavities.  Also, 
permanent  magnet  quadrupoles  would  not  provide  an  adequate 
gradient  for  the  required  aperature. 

A  series  of  beam  optics  calculations  has  shown  that  quadrupole 
triplets  with  a  gradient  of  350  T/m,  a  bore  radius  of  3  cm,  and 
an  overall  length  of  approximately  20  cm  can  provide  adequate 
transverse  focusing.  The  design  is  simplified  by  the  fact  that 
harmonic  components  in  quadrupole  field  are  not  so  detrimen¬ 
tal  to  beam  quality  in  the  present  application  as  in  recirculat¬ 
ing  machines.  Beam  dynamics  calculations  indicate  that  non- 
quadrupole  harmonics  with  an  integrated  effect  up  to  1  %  at  a 
radius  of  1  cm  are  tolerable.  The  design  of  a  prototype  magnet 
which  can  meet  these  requirements  is  discussed  below. 

IL  DESIGN  OF  A  PROTOTYPE  QUADRUPOLE 

Design  options  for  superconducting  quadrupoles  include 
cos2^  or  superferric  types.  Construction  methods  for  forming 
cos2^  coils  with  NbTi  wires  have  been  established,  but  such  high 
field  quality  (and  high  construction  cost)  is  not  needed  in  this 
linac  application.  Also,  it  is  desireable  to  use  a  small  size  of  wire 
to  reduce  the  refrigeration  budget,  which  would  make  a  cos2^ 
winding  even  more  difficult.  For  these  reasons,  we  have  chosen 
a  magnet  design  based  on  simple  racetrack  coils  with  pole  tips, 

A  schematic  view  of  the  prototype  is  shown  in  Fig.l.  The 
configuration  of  the  prototype  is  similar  to  a  superconducting 
quadrupole  developed  at  LANL  [4],  but  with  a  modified  winding 
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to  accomodate  a  substantially  increased  bore  radius.  Each  of  the 
four  coils  is  composed  of  three  blocks  to  increase  the  coil  size 
and  to  keep  the  coil  configuration  simple.  In  fact,  coil  currents 
could  be  more  effectively  used  if  the  coil  were  expanded  closer 
to  the  field  region,  maintaining  a  cos20  current  distribution  (e.g. 
ref.  [5]),  but  then  the  coil  winding  becomes  more  difficult  and  ex¬ 
pensive. 


Figure.  1.  A  schematic  view  of  a  prototype  quadrupole 


The  pole  tips  are  made  of  rare  earth  material  holmium  to  en- 
chance  the  magnetic  flux  concentration.  This  technique  has  been 
utilized  for  high  field  solenoids  [6]  as  well  as  for  the  LANL  pro¬ 
totype  quad;  the  saturation  magnetization  of  holmium  at  4.2  K  is 
3.8  tesla.  The  pole  tip  has  a  simple  flat  face  since  it  is  saturated  at 
the  operating  field.  Flat  pole  tips  have  been  employed  for  room 
temperature  quadrupoles  in  drift  tube  linacs  [7].  The  prototype 
is  a  quadrupole  singlet  with  a  length  equal  to  the  longest  element 
of  the  proposed  triplet,  since  the  longer  quadrupole  magnet  could 
be  more  subject  to  wire  motion  problems.  The  inner  comer  of 
the  section  of  the  coil  near  the  pole  face  has  a  small  notch  (1.3 
X  2  mm)  removed  to  reduce  the  peak  field  on  the  conductor. 

The  magnetic  fields  were  numerically  calculated  first  using  the 
OPERA-2d  code  [8]  to  optimize  the  pole  tip  width  and  minimize 
the  higher  order  harmonics.  This  was  a  compromise  process, 
trading-off  useful  aperature  against  low  harmonic  content.  At 
350  T/m,  the  12th  pole  is  about  0.1  %  of  quadrupole  field,  and 
the  20th  pole  is  less  than  0. 1  %.  In  Fig.2,  the  field  lines  are  plot¬ 
ted  for  a  quadrant  of  the  quadrupole.  The  B-H  curve  of  holmium 
used  in  the  numerical  calculation  was  taken  from  ref.  [6].  At 
350  T/m  the  gradient  gain  from  using  holmium  is  about  35  T/m 
higher  than  for  iron  pole  tips.  Major  design  parameters  of  the 
prototype  are  listed  in  Table.  1. 

Since  the  prototype  quadrupole  length  is  short,  3-d  effects  are 
important  to  field  quality.  A  3-d  finite  element  program  TOSCA 
[8]  was  used  to  calculate  fringe  fields.  The  field  profile  of  a 
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Table  1:  Design  parameters  of  a  prototype  quadrupole 


Gradient 

Operating  current 
Current  density  in  coil 
Pole  tips 
Inductance 

No  of  turns 

Yoke 

350  T/m 

53  A  at  350  T/m 
47,000  A/cm^ 
holmium  (99.6  %) 

0.55  H 

3800 

SAE  1008  steel 

Wire 

Diameter 

Cu/Sc 

Critical  current 
Insulation 

NbTi 

0.305  mm 

1.35 

57  A  at  6.3  tesla,  4.2  K 
Fonnvar,  0.0127  mm  thick 

X[CM] 


Figure.  2.  Magnetic  field  lines  for  a  quadrant  of  the  quadrupole, 
as  calculated  with  the  OPERA-2d  code 


transvese  field  component  (B/)  is  plotted  in  Fig. 3  at  a  radius  of 
1  cm  and  350  T/m.  The  effective  magnetic  length  is  7.6  cm. 

The  effect  of  harmonic  field  components  on  the  beam  is  de¬ 
termined  by  the  integrated  gradient  along  the  quadrupole.  The 
integrated  gradient  error  defined  in  the  equation  below  is  used  to 
specify  the  field  quality; 


Aloinz)  = 


/o  Bt(r,  9max)dz  -  /o  Bt{r,  6min)dz 
Jq  ^ti.^'i^min)dz 


(1) 


where  Omax  is  an  angle  which  gives  a  maximum  of  the  integral, 
and  9min  for  a  minimum  at  a  radius  of  r.  The  dashed  line  in  Fig.3 
shows  A/G(r,z)  as  a  function  of  z  at  r=l  cm.  Note  that  the  int- 
gerated  error  is  reduced  as  the  beam  traverses  the  coil  ends:  this 
effect  has  been  used  to  design  high  quality  cos2^  quadrupoles. 
The  intergated  harmonic  content  increases  for  lower  fields;  it 
rises  to  0.6  %  at  200  T/m,  and  further  to  2.5  %  at  100  T/m  when 
the  current  density  is  6400  A/cm^. 

The  coil  end  design  has  two  important  issues:  1)  harmonic 
errors,  2)  enchancement  of  field  on  the  conductor.  To  reduce 
both  effects,  the  coil  ends  could  be  spread  out  using  spacers  [9]. 
However,  such  control  of  the  end  effect  was  not  necessary  for 
the  present  application.  The  harmonic  error  is  reduced  as  the 
beam  passes  through  the  quadrupole  as  shown  in  Fig.3,  although 
some  field  enchancement  is  unavoidable.  The  highest  field  on 
conductor  is  about  6.3  T  at  the  ends  compared  to  6.0  T  in  the 
straight  section,  as  calculated  with  TOSCA. 

The  coil  is  an  orderly  winding,  with  insulation  sheets  embed¬ 
ded  between  layers  and  impregnated  with  epoxy.  The  winding 


is  placed  directly  on  the  holmium  pole,  eliminating  several  steps 
needed  when  a  winding  form  is  used.  The  winding  load  is  about 
8  N,  producing  a  winding  tension  of  9x  10^  N/cm^.  The  coil  is 
continously  wound  without  splice,  and  G-10  spacers  are  used  to 
fill  the  rectangular  gaps  during  winding. 


Figure.  3.  The  field  profile  of  B,  at  r=l  cm  (solid  line)  and  the 
integrated  gradient  error  (dashed  line)  are  shown  as  a  function 
of  axial  distance.  The  axial  distance  is  from  the  center  of  the 
quadrupole. 


IIL  COE.  FORCE  AND  QUENCH 
CALCULATIONS 

The  electromagnetic  forces  on  the  straight  section  of  the  coil 
are  depicted  in  Fig.3  for  an  excitation  of  350  T/m.  Although  the 
winding  tension  prevents  wire  motion  on  the  curved  coil  ends  and 
although  the  coil  is  rather  short,  the  straight  section  still  needs 
a  support.  Without  support  the  coil  may  expand  as  much  as  0.3 
mm  at  350  T/m  in  the  middle  of  the  straight  section,  as  calculated 
using  the  deflection  formula  for  the  case  of  supported  edges  in 
ref.  [10].  The  straight  section  is  simply  supported  by  stainless 
steel  spacers.  To  avoid  motion  of  lead  wires  from  the  coils,  the 
leads  are  fixed  onto  the  lead  connection  plates  made  of  G- 10,  as 
noted  in  Fig.l. 

An  estimate  of  quench  voltage  at  the  junction  between 
quenched  and  normal  coils  is  about  400  volts  as  calculated  with 
the  program  QUENCH  [11].  Although  such  a  voltage  is  not  dif¬ 
ficult  to  insulate,  when  2  or  3  singlets  of  a  given  triplet  are  wired 
in  series  quench  voltages  of  1  kV  or  more  can  appear.  For  triplet 
elements,  a  compromise  between  quench  voltage  and  the  num¬ 
ber  of  connecting  leads  into  cryostat  will  need  to  be  made. 
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IV.  STATUS  AND  CONCLUSIONS 

A  prototype  superconducting  quadrupole  with  a  3  cm  aperture 
has  been  designed  for  use  in  a  low  charge  state  injector  linac  for 
ATLAS.  The  design  field  gradient  of  350  T/m  can  be  achieved 
when  the  operating  current  is  91  %  of  the  critical  current  at  4.2 
K.  This  tight  design  margin  demands  a  high  quality  winding.  3-d 
field  calculations  showed  that  the  integrated  field  gradient  error 
is  0.45  %  at  350  T/m  and  less  than  1  %  in  a  wide  range  of  coil 
excitations. 

Construction  of  a  prototype  singlet  is  well  advanced.  The 
winding  is  being  carried  out  by  Cryomagnetics  Inc.  The  wind¬ 
ing  and  testing  of  the  first  coil  is  expected  to  be  completed  in  May 
1995.  Following  testing  of  the  first  coil,  the  remaining  3  coils 
for  the  prototype  singlet  will  be  wound.  Final  assembly  and  field 
measurements  will  be  carried  out  at  Argonne.  The  prototype  is 
designed  to  allow  testing  different  coil  supporting  structures  with 
little  modification.  The  final  design  will  be  optimized  for  eco¬ 
nomic  production  of  several  dozen  units. 
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STATUS  OF  THE  HIGH  BRILLIANCE  SYNCHROTRON  RADIATION  SOURCE 

BESSY-II  * 

E,  Jaeschke,  S.  Khan,  D.  Kramer,  D.  Schirmer  for  the  BESSY  II  project  team, 

BESSY  II,  Rudower  Chaussee  5,  Geb.  15.1, 12489  Berlin,  Germany 


Abstract 

BESSY  II  is  designed  as  a  high  brilliance  synchrotron  light 
source  in  the  VUV/XUV  region  with  1.7  GeV  nominal  beam 
energy.  Being  under  construction  at  Berlin-Adlershof,  the  ma¬ 
chine  is  expected  to  start  routine  operation  in  1998.  An  overview 
of  the  status  of  the  project  is  given. 

I.  INTRODUCTION 

The  synchrotron  radiation  (SR)  source  BESSY  II  is  based  on 
a  240  m  circumference  storage  ring  of  8-fold  symmetry.  Sixteen 
DBA  cells  provide  alternating  dispersion-free  straight  sections 
of  high  and  low  horizontal  beta  function  and  no  dispersion. 
Thus,  high  flexibility  is  achieved  to  install  various  types  of  un- 
dulators,  wigglers  and  also  superconducting  wavelength  shifters 
[1]  in  max.  14  places.  Six  undulators  and  wigglers  and  two 
wavelength  shifters  will  be  available  within  the  first  two  years 
after  commissioning  of  the  new  SR  source. 

The  injection  system  consists  of  a  50  MeV  racetrack  mi- 
crotron  (RTM),  and  a  10  Hz  booster  synchrotron  which  ramps 
the  electron  beam  to  its  final  operation  energy  of  max.  1.9  GeV. 

Prototypes  of  the  magnets  for  the  synchrotron  were  built  at 
The  Budker  Institute  for  Nuclear  Physics,  Novosibirsk  and  a 
complete  unit  cell  was  received  and  tested  recently  [2]. 

Prototypes  of  the  storage  ring  magnets  (32  dipole,  144 
quadrupole  and  112  combined  function  sextupole  and  correction 
magnets)  are  expected  for  mid  of  1995.  Delivery  of  all  elements 
is  scheduled  for  the  2nd  half  of  1996. 

Major  progress  has  been  made  concerning  the  storage  ring 
vacuum  system  and  a  prototype  section  (1/16  of  the  whole  sys¬ 
tem)  will  be  available  in  July  this  year.  The  vacuum  components 
for  the  injector  have  been  ordered.  Their  installation  will  start 
in  beginning  of  1996  followed  by  the  the  storage  ring  approxi- 
matly  six  month  later. 

II.  BUILDINGS 

The  buildings  activities  have  started  in  September  1994  and 
are  progressing  according  to  the  time  schedule.  An  experimental 
hall  of  1000  m^  for  assembly  and  measurements  been  completed 
recently.  The  building  is  now,  for  example,  used  for  magnetic 
measurements,  rf  tests  and  commissioning  of  the  50  MeV  RTM. 
Previously  existing  buildings  have  been  renovated  and  are  in  use 
since  March  1994. 

The  main  experimental  hall  of  120  m  diameter  with  the  stor¬ 
age  ring  tunnel  and  experimental  area  is  under  construction  and 
casting  of  concrete  is  expected  to  be  finished  in  July  1995.  This 
will  allow  to  start  the  installation  of  the  machines  on  a  large 

*Funded  by  the  Bundesministerium  fur  Bildung,  Wissenschaft,  Forschung 
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scale  by  the  end  of  this  year.  Final  assembly  of  the  storage  ring 
is  schedule  for  mid  of  1997  allowing  to  start  commissioning  of 
the  storage  ring  in  late  1997.  First  light  from  an  undulator  is  ex¬ 
pected  at  the  end  of  1997. 

III.  THE  STORAGE  RING 

A.  Magnets 

Prototypes  of  all  storage  ring  magnets  (dipoles,  quadrupoles, 
sextupoles)  were  designed  and  all  major  orders  were  placed.  De¬ 
livery  of  the  pre-series  bending  magnets  and  multipole  magnets 
is  scheduled  for  mid  of  this  year.  After  careful  measurements 
and  optimizations  of  the  chamfers  by  BESSY,  the  series  produc¬ 
tion  will  start  in  Autumn  1995.  The  storage  ring  magnet  design 
and  the  expected  magnetic  performance  is  discussed  in  [3]. 

B.  Storage  Ring  Injection  System 

The  injection  components,  conq)rising  4  fast  kicker  mag¬ 
nets  and  the  injection  septa  are  located  in  one  of  the  high  beta 
sections  (fix  «  17  m)  of  the  storage  ring.  The  kickers,  driven  by 
sine  half  wave  pulsers,  will  displace  the  closed  orbit  by  17  mm. 
Two  septum  magnets  will  inject  the  beam  coming  from  the  syn¬ 
chrotron  (e  =  1.7  *  10“^rad  m).  In  order  to  increase  the  injection 
efficiency,  detailed  calculations  were  carried  out  to  optimize  the 
optics  of  transfer  line  and  the  injection  parameters  [4],  [5].  The 
calculated  efficiency  for  a  matched  beam  is  98%.  Table  I  sum¬ 
marizes  the  main  magnet  parameters  of  the  injection  elements 
and  Figure  1  shows  their  geometrical  arrangement.  Since  the  in¬ 
jection  system  of  ELETTRA  is  rather  similar,  it  was  agreed  that 
Synchrotrone  Trieste  will  manufacuture  the  complete  injection 
system  (septa,  kicker,  pulser). 

The  layout  of  the  transfer  lines  is  finalized  and  the  specifica¬ 
tions  of  all  components  are  ready  for  call  for  tender.  A  detailed 
description  is  given  in  [5]. 


kicker  1-4 

septum  1 

septum  2 

pulse  length 

5fis 

40-50  //s 

40-50  fis 

magnetic  field 

0.24  T 

0.750  T 

0.761  T 

deflection  angle 

20.9  mrad 

65.8  mrad 

66.8  mrad 

peak  current 
capacitor  charging 

8413  A 

8962  A 

9090  A 

voltage 

9.796  kV 

1058  V 

1073  V 

core  length 

552  nun 

555  mm 

555  mm 

overall  length 

595  mm 

595  mm 

595  mm 

Table  I 

Parameters  of  the  storage  ring  injection  components. 
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C.  Vacuum  Chamber  and  Girder  Layout 

Theoretical  investigations  and  computer  simulations  concern¬ 
ing  the  beam  lifetime  and  impedance-driven  instabilities  have 
helped  to  finalize  the  vacuum  chamber  layout.  Being  a  ma¬ 
jor  threat,  transverse  coupled  bunch  instabilities  (resistive  wall 
effect)  have  been  investigated  analytically  and  with  numerical 
simulations.  The  beam  lifetime,  limited  by  the  Touschek  ef¬ 
fect  as  well  as  residual  gas  scattering  (Coulomb  scattering  and 
Bremsstrahlung)  is  expected  to  be  at  least  lOh  at  1.7  GeV,  as¬ 
suming  a  mean  vacuum  pressure  of  2  ♦  10^  mbar  N2  equivalent 
and  a  momentum  acceptance  of  3%.  As  a  consequence  of  these 
investigations,  the  beam  pipe  aperture  was  chosen  to  be  ±35mm 
horizontally  and  ±  17.5mm  vertically.  The  minimum  vertical 
wiggler/undulator  gap  has  been  fixed  to  ±8mm  which  reduces 
the  lifetime  due  to  Coulomb  scattering  only  little.  Keeping  the 
resistive  wall  effect  in  view  [6],  the  ID  chambers  will  be  made 
of  aluminium. 

The  different  vacuum  chamber  profiles  for  the  dipole, 
quadrupole  and  ID  region  are  shown  in  Figure  2.  A  prototype 
vacuum  section  (1/16  of  the  whole  system)  has  been  ordered  and 
will  be  available  for  testing  mid  of  this  year. 

The  proposed  BESSY  II  vacuum  chamber  is  made  of  stain¬ 
less  steel  with  a  copper  absorber  all  around  the  circumference 


to  reduce  the  maximum  temperature  on  the  chamber  due  to 
SR  power.  The  copper  absorber  will  be  brazed  or  explosively 
bonded  to  the  chamber  and  indirectly  cooled  from  the  outside. 
Finite  element  calculations  including  the  effect  of  scattered  pho¬ 
tons  show  that  max.  absorber  temperature  is  10®  above  the  cool¬ 
ing  water  temperature.  There  will  be  no  antechamber  except  in 
the  ID  region  and  in  the  dipole  chamber.  The  mechanical  sta¬ 
bility  of  the  dipole  chamber  has  been  checked  by  finite  element 
simulations.  With  the  inclusion  of  reenforcing  ribs,  the  maxi¬ 
mum  distortion  due  to  the  atmospheric  pressure  is  0.1  mm  for 
a  chamber  of  2  mm  wall  thickness.  The  pumping  concept  for 
BESSY  II  includes  a  400 1/s  ion  getter  pump  for  each  crotch  ab¬ 
sorber,  and  three  to  five  ion  getter  pumps  of  approximatly  751/s 
in  the  straight  sections  outside  of  the  IDs.  The  pumping  scheme 
in  the  IDs  depends  on  their  respective  design.  NEG-cartridges 
and  Ti  sublimator  pumps  are  considered  as  an  option  to  be  in¬ 
stalled  in  the  vicinity  of  the  crotch  absorbers. 

The  elements  of  each  storage  ring  DBA-cell  will  be  mounted 
on  3  girders  made  of  concrete  blocks,  which  are  expected  to 
damp  vibrations  more  effectively  than  metallic  structures.  Ex¬ 
tensive  tolerance  studies  [7]  were  peformed  to  optimize  the 
girder  scheme  with  respect  to  the  sensitivity  of  the  installend 
lattice  elements  to  coherent  movements  of  the  assembly.  The 
result  is  shown  in  Figure  3. 

The  magnetic  elements  will  be  mounted  on  the  girders  and 
aligned  prior  to  their  installation  in  the  tunnel,  where  the  final 
alignment  of  the  complete  girders  will  be  done. 

There  are  3  SR  beam  lines  emerging  from  the  first  dipole 
chamber,  one  for  the  respective  ID  and  two  for  SR  from  the 
dipole,  while  the  second  dipole  chamber  is,  for  geometrical  rea¬ 
sons,  equipped  with  1  SR  outlet  only.  Seven  BPMs  per  cell  form 
an  integral  part  of  the  vacuum  system.  Their  positions  coincide 
with  the  fixed  points  of  the  chambers  which  may  undergo  defor¬ 
mations  due  to  the  received  heat  load.  They  are  mechanically 
decoupled  from  the  magnets  in  order  to  avoid  mechanical  stress 
and  displacements  of  the  optical  elements  which  would  create 
closed  orbit  distortions. 
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D.  RF  system 

Major  progress  has  been  made  on  the  rf  sector.  It  was  de¬ 
cided  to  use  four  already  available  DORIS  type  single  cell  cav¬ 
ities  which  will  be  installed  in  one  of  the  low  beta  straight 
sections.  The  pill  box  shaped  resonators  will  be  fed  by  indi¬ 
vidual  500  MHz  generators  making  use  of  Thompson  TH2123 


n>  gap  22mm 


Figure  2.  Cross  sections  of  the  different  vacuum  chambers  in 
the  dipole,  quad  and  ID  region. 


Figure  3.  Top  view  of  the  girder  scheme  and  the  vacuum  sys¬ 
tem. 
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klystrons  with  a  power  of  75  kW  each.  All  rf  generators  are  or¬ 
dered  and  the  first  one  is  expected  to  be  delivered  in  June  1995. 

E,  Diagnostics 

The  availability  of  suitable  beam  diagnostics  is  a  crucial  pre¬ 
requisite  for  reliable  and  smooth  operation  of  the  machine.  The 
relative  accuracy  of  each  of  the  112  BMPs  is  5  //m,  their  abso¬ 
lute  position  error  is  0.1  mm.  For  the  first  turn,  a  fast  albeit  less 
accurate  mode  of  measuring  is  foreseen. 

SR  light  monitors  attached  to  one  of  the  dipole  radiation 
sources  will  allow  to  image  the  beam.  For  intensity  measure¬ 
ment,  a  Bergoz  PCT-175  is  already  being  tested. 

Foil  monitors,  scrapers  and  various  striplines  are  foreseen  in 
a  separate  straight  section. 

IV.  MICROTRON  AND  BOOSTER 


Beam  Current  Monitor  (Right) 
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Figure  4.  Electron  beam  pulse  at  the  microtron  exit. 


A.  Booster  Prototype  Magnets 

The  dipoles  and  quadrupoles  of  the  full  energy  booster  are 
presently  manufactured  by  the  Budger  Institute  for  Nuclear 
Physics  (BINP),  Novosibirsk.  A  prototype  of  a  complete  booster 
FODO  cell  has  been  delivered  in  April  1995.  First  magnetic 
measurements  of  the  booster  prototype  magnets  (2  quadrupoles 
and  1  dipole)  gave  excellent  results  with  respect  to  mechanical 
tolerances,  field  homogeneities  and  higher  order  multipoles.  A 
detailed  description  of  the  magnetic  measurements  is  given  in 
[2]. 

B.  Microtron  Recommissioning 

A  Scanditronix  50  MeV  racetrack  microtron  will  be  used  as 
a  pre-injector  to  feed  the  10  Hz  booster  synchrotron.  This  mi¬ 
crotron  was  recommissioned  in  March  1995.  Already  at  the  first 
test  run  produced  an  electron  beam  pulse  after  9  turns  which  was 
detected  using  a  faraday  cup  (Figure  4).  The  data  correspond  to 
a  beam  energy  of  50  MeV,  a  current  of  9  mA  and  a  pulse  length 
of  1  ps.  Additional  diagnostics  to  simplify  its  operation  will  be 
added  to  the  machine,  e.g.  an  internal  video  signal  monitor  and 
computer  control.  Work  is  in  progress  to  upgrade  the  RTM  with 
a  triode  gun  to  produce  1  ns  pulses  and  with  a  500  MHz  subhar¬ 
monic  buncher  to  be  able  to  operate  the  storage  ring  in  single 
bunch  mode.  The  main  design  parameters  of  the  microtron  are 
summarized  in  table  II. 

References 


Main  RTM  Parameters 

beam 

max.  energy 

max.  current 

energy  width 

emittance 

pulse 

50  MeV 

28  mA 

0.5% 

<  0.5  mm  •  mrad 

1  fjts,  10  Hz 

system 

gun 

RF 

klystron  (in/out) 
dipole 

energy  gain/tum 
no.  of  turns 
tot.  orbit  length 

100  kV,  600  mA 

2998  MHz 

lOOkV,  140A/6MW 
1.0479  T 

5  MeV 

10 

26  m  =  72  ns 

Table  II 

Design  parameters  of  the  racetrack  microtron. 
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HARMONIC  GENERATION  EEL  MAGNETS:  MEASURED  B-FIELDS 

COMPARED  TO  3D  SIMULATIONS 

W.  S.  Graves,  L.  Solomon,  Brookhaven  National  Laboratory,  Upton,  NY  1 1973  USA 


The  Harmonic  Generation  Free  Electron  Laser  [  1  ]  is  a  short  pe¬ 
riod,  high-gain  amplifier  FEL  configured  as  an  optical  klystron. 
It  is  designed  to  lase  at  3.47/zm  using  a  30  MeV  electron 
beam  at  the  Accelerator  Test  Facility  at  BNL.  Each  of  the  three 
superconducting  wiggler  magnet  sections  (modulator,  disper¬ 
sion,  radiator)  has  been  built  and  the  magnetic  fields  have  been 
measured.  This  paper  compares  the  measurement  results  with 
three-dimensional  nonlinear  computer  models  created  with  the 
TOSCA  code. 


1.  Introduction 

The  HGFEL  currently  under  construction  at  BNL  will  lase  on 
the  3rd  harmonic  of  a  conventional  CO2  seed  laser.  The  wiggler 
is  split  into  3  sections.  The  first  section  (modulator)  energy- 
modulates  the  electron  beam  in  resonance  with  the  fundamental 
wavelength  of  the  seed  laser.  Following  this,  the  dispersive 
section  causes  the  energy  modulation  to  become  spatial  bunching 
(also  at  the  fundamental).  Finally  the  bunched  beam  enters  the 
radiator  which  is  tuned  to  the  3rd  harmonic  and  lases. 


HGFEL  Wiggler  Parameters  | 

Modulator 

Dispersive 

Radiator 

Period  (cm) 

2.6 

- 

1.8 

1.35 

- 

0.6 

B-field  (T) 

0.79 

0.81 

0.51 

N  poles 

24 

5 

168 

Gap  (mm) 

8.6 

8.6 

6.0 

The  computer  models  were  created  with  the  finite-element 
program  TOSCA  [2].  The  primary  goals  of  the  computer  simu¬ 
lations  of  the  magnets  are  to: 

1 .  Predict  the  current  excitation  necessary  to  reach  the  desired 
magnetic  fields. 

2.  Design  the  appropriate  magnet  end  winding  configuration 
so  that  the  electron  beam  is  not  steered  when  the  iron  is 
saturated. 

3.  For  the  dispersion  section,  design  the  yokes  and  coils  to 
give  the  full  range  of  dispersion  needed  without  introducing 
beam  steering. 

IL  Modulator  Magnet 

The  modulator  magnet  is  machined  from  a  single  iron  yoke. 
It  has  12  2.6  cm  periods.  The  operating  current  is  80  Amps 
through  96  turns  in  each  main  coil.  The  peak  magnetic  field  is 
7900  gauss.  The  entrance  and  exit  windings  use  the  lowest  order 
binomial  transition  [3].  There  are  1/4”  thick  field  clamps  at  each 
end  of  the  yoke  to  ensure  that  the  magnetic  scalar  potential  is 
zero  there.  In  addition  to  the  main  windings,  there  are  two  sets 
of  trims  at  each  end  to  perform  steering  correction [4]  (Fig.  1). 


Figure.  1.  One  end  of  the  modulator  magnet  section,  showing 
the  main  coil  and  trim  winding  configuration. 


The  trims  are  necessary  because  the  steel  in  the  nominally  1/2- 
strength  pole  at  each  end  are  less  saturated  than  the  full-strength 
poles,  leading  to  an  error  in  the  magnetic  scalar  potential  at  that 
point.  The  optimum  trim  configuration  has  been  found  to  be  as 
shown,  where  2  coils  in  series  on  either  side  of  the  1/2-strength 
pole  buck  the  main  field,  and  1  coil  in  the  last  slot  provides  fine 
adjustment.  I^pical  trim  strengths  are  530  Amp-turns  in  the 
2-slot  trim  and  the  1-slot  trim  off  when  the  main  coils  are  at 
their  operating  value.  Note  that  when  the  main  coils  are  set  at 
low  enough  current,  the  iron  is  unsaturated,  and  the  trims  are 
unnecessary.  In  the  future  it  would  be  advantageous  to  design 
the  number  of  turns  in  the  last  slots  to  account  for  the  saturation 
at  the  operating  point  so  that  only  very  small  corrections  are 
required. 

Using  appropriate  boundary  conditions,  the  entire  magnet 
may  be  modelled  using  just  one  octant  of  the  3D  space  contain¬ 
ing  the  real  magnet  and  surrounding  air.  Nonlinear  saturation 
is  taken  into  account  using  a  B-H  lookup  table,  and  iteratively 
solving  until  a  predefined  maximum  change  in  the  solution  at 
any  node  is  achieved.  The  model  contained  55  x  10^  nodes, 
and  takes  about  8  cpu-hours  to  execute  on  an  IBM  RS6000/370. 
Figure  2  shows  the  measured  B-fields  and  its  second  integral 
(equivalent  to  the  electron  trajectory)  for  the  modulator.  The 
mean  peak  field  is  7787  gauss  with  RMS  variation  of  just  0.2%. 
The  peak  fields  in  the  simulation  agree  with  the  measured  value 
to  within  0.8%.  The  simulated  fields  are  not  shown  in  the  figures 
because  the  differences  from  the  measured  values  are  indistin¬ 
guishable  on  this  scale.  Of  particular  interest  is  the  behavior 
near  the  magnet  ends.  Figure  3  shows  the  2nd  integral  of  the 
B-field  for  the  modelled  and  measured  fields  with  trims  off.  The 
difference  in  deflection  angles  is  less  than  LO/^rad.  The  close 
agreement  indicates  that  the  model  accurately  predicts  the  level 
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Figure.  2.  Measured  B-fields  and  second  integral  for  the  mod¬ 
ulator  section.  Main  coils  at  80  Amps,  trims  at  22  Amps.  RMS 
variation  among  peaks  is  0.2%. 


-  Field  Clamp 


-  Mid  Plane 

Figure.  4.  Dispersion  magnet  showing  main  and  trim  coils. 


2nd  Int .  (g-cin'^2 )  vs  Distance  (cm) 

Figure.  5.  Measured  B-field  and  2nd  integral  for  the  dispersive 
section.  Main  coils  at  100  Amps,  trim  coil  at  8.5  Amps. 

investigate  the  effect  of  varying  the  bunching  on  the  laser  per¬ 
formance. 


Figure.  3.  Measured  (solid  line)  and  modelled  (dashed  line) 
2nd  integrals  of  the  modulator  B-field  at  the  entrance  of  the 
modulator.  Main  coils  at  80  Amps,  trims  off. 


of  saturation  and  necessary  trim  correction. 


III.  Dispersion  Magnet 

The  dispersion  magnet  (Fig.  4)  is  spaced  5cm  downstream 
from  the  modulator.  It  has*  just  3  excited  poles  with  a  total 
length  of  120  cm.  The  winding  scheme  is  23-147-147-23  turns. 
There  is  a  trim  coil  to  compensate  for  beam  steering.  Here, 
dispersion  means  change  in  longitudinal  phase  with  energy 
y.  The  dispersion  relation  is  approximately  [5] 


dr/r 

dy 


f  dz  f  dz'Byiz^)  (1) 

Jo  L7o 


where  kg  is  the  radiation  wavenumber.  It  is  important  that  the 
dispersion  be  adjustable  over  as  wide  a  range  as  possible  to 


The  computer  model  is  again  one  octant  of  the  three  dimen¬ 
sional  space  containing  the  iron  and  surrounding  air  plus  the 
appropriate  boundary  conditions.  It  contains  59  x  10^  nodes, 
and  takes  about  2.7  cpu-hours  to  solve.  The  execution  time  is 
reduced  substantially  from  the  modulator  magnet  because  there 
are  fewer  coils.  The  time  scales  linearly  with  the  number  of 
coils. 

The  magnet  was  originally  designed  based  on  results  from 
POISSON,  a  2D  magnetostatic  solver.  The  3D  simulation  results 
(obtained  after  the  iron  was  cut)  differed  dramatically  from  the 
2D  because  the  finite  size  in  the  excluded  dimension  (transverse 
horizontal)  severely  limits  the  cross-sectional  area  available  for 
flux  transport  in  the  iron.  Thus  the  iron  is  far  more  saturated 
than  predicted  by  the  2D  model.  The  final  coil  configuration 
was  modified  based  on  the  3D  results,  and  the  measurements 
show  very  good  agreement  with  this  model.  The  peak  field  in 
the  simulation  differs  from  the  measurement  by  0.3%.  The  peak 
magnetic  field  at  100  Amps  is  8100  gauss  and  the  maximum 
dispersion  is  limited  to  34. 
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Figure.  6.  Measured  (solid  line)  and  simulated  (dashed  line) 
B-field  and  2nd  integral  at  the  entrance  of  the  radiator  section. 
Main  coils  at  90  Amps,  trim  coils  off. 

IV.  Radiator  Magnets 

The  radiator  section  consists  of  six  separate  iron  yokes,  each 
with  18mm  period,  0.51  Tesla  peak  magnetic  field,  and  6,1mm 
gap.  Each  yoke  is  physically  very  similar  to  the  modulator  mag¬ 
net  (Fig.  1)  with  two  exceptions:  the  period  is  shorter,  and  the 
pole  faces  have  a  parabolic  cut  to  provide  horizontal  electron 
beam  focusing.  The  results  of  3D  simulations  and  measurements 
of  the  radiator  magnets  have  been  reported  previously  [4]  .  The 
earlier  work  studied  the  advantages  of  various  entrance  configu¬ 
rations  of  the  coils  in  an  effort  to  reduce  the  effects  of  saturation. 

Figure  6  shows  both  the  simulated  and  measured  magnetic 
field  and  its  2nd  integral  at  the  entrance  of  the  radiator  section. 
The  agreement  between  model  and  measurement  is  not  as  good 
as  for  the  previous  sections.  There  are  several  discrepencies 
between  the  computer  model  and  the  as-built  configuration  that 
may  account  for  the  disagreement.  The  model  has  a  5.6mm 
gap  whereas  the  real  magnet  uses  a  6mm  gap.  This  changes  the 
saturation  in  the  iron  and  may  account  for  different  beam  steering 
at  the  magnet  entrance.  The  model  also  differs  from  the  real 
magnet  in  that  it  has  no  parabolic  pole  face.  A  new  simulation 
model  is  now  being  designed  that  matches  the  magnet  as  built. 
It  is  expected  to  perform  as  well  as  the  modulator  and  dispersion 
section  models. 


due  to  iron  saturation  is  also  accurately  modelled.  For  the  dis¬ 
persive  section,  simulation  agrees  with  measurement  to  0.3%. 
These  results  differ  substantially  from  the  2D  models  because 
the  limited  cross-sectional  area  of  the  magnet  changes  the  flux 
density  in  the  iron.  The  radiator  model  does  not  yet  perform 
as  well  and  efforts  are  underway  to  gain  better  agreement  with 
measurements. 
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V  Conclusions 

Three  dimensional  simulations  of  each  of  the  three  distinct 
sections  of  a  FEL  configured  as  an  optical  klystron  have  been 
performed,  and  the  results  compared  to  measurements.  These 
simulations  include  nonlinear  saturation.  The  simulated  on-axis 
magnetic  fields  for  the  modulator  section  agree  with  the  mea¬ 
surements  to  0.8%.  Beam  steering  near  the  magnet  entrance 
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Abstract:  Ramp  rate  sensitivity  in  superconducting  dipole 
magnets  has  been  shown  to  vary  in  an  unpredictable  fash¬ 
ion  between  magnets  constructed  using  similar  fabrication 
techniques.  Test  results  from  a  series  of  model  magnets 
are  presented,  one  of  which  was  constructed  using  ebanol- 
coated  strands.  The  ramp  rate  sensitivity  and  ac  loss 
observed  is  described. 

1.  INTRODUCTION 

In  order  to  determine  the  training,  ramp  rate  and  magnetic 
field  performance  of  prototype  dipoles  intended  for  the  SSC,  a 
comprehensive  program  of  cold  magnet  testing  was  performed 
at  Fermi  and  Brookhaven  National  Laboratories  [1].  The  re- 
suits  showed  two  distinct  families  of  quench  current  versus 
current  ramp  rate,  as  shown  in  figure  1.  The  first  family 
(known  as  type  “A”)  showed  an  initial  nearly  flat  quench 
current  up  to  about  20  A/s,  then  an  almost  linear  decrease  of 
quench  current  with  ramp  rate.  The  linear  portion  of  the  curve, 
however,  varies  significantly  amongst  members  of  this  family. 


Ramp  Rate  (A/s) 

Figure  1 :  Quench  current  dependence  on  ramp  rate  for  50  mm 
aperture  15  m  length  dipole  magnets. 

^Present  address:  Texas  National  Research  Laboratory 
Commission,  2275  North  Highway  77,  Suite  100, 
Waxahachie,  Texas  75165 

fOperated  by  Universities  Research  Assocation  under 
contract  with  the  Department  of  Energy. 


The  second  family  (type  “B”)  showed  a  rapid  initial  de¬ 
crease  in  quench  current  at  low  ramp  rates  followed  by  a  much 
slower  decrease  at  high  ramp  rates.  The  curves  shown  in  the 
figure  are  not  intended  to  fit  all  data  sets,  but  rather  to 
illustrate  the  two  trends.  The  50  mm  short  model  magnets 
have  shown  similar  behavior  but  somewhat  less  pronounced. 

The  collider  ring  of  the  SSC  was  to  have  been  filled  with 
beam  from  a  smaller  synchrotron  known  as  the  High  Energy 
Booster  (HEB)  whose  dipole  magnets  were  intended  to  utilize 
essentially  the  same  design  as  those  of  the  collider.  The  HEB 
was  to  accelerate  beam  up  to  2  TeV  for  injection  into  the  col¬ 
lider,  at  which  point  the  peak  current  in  the  dipole  magnets 
would  be  6600  A.  In  order  to  achieve  this  acceleration  the 
ramp  rate  of  current  in  the  dipoles  was  to  be  62  A/s.  It  can  be 
seen  from  figure  1  that  some  dipoles  exhibiting  type  B  behav¬ 
ior  would  quench  before  reaching  the  peak  current  planned  for 
HEB  operation,  while  some  of  those  exhibiting  type  A  behav¬ 
ior  would  reach  the  required  current  with  inadequate  current 
margin. 

11.  RAMP  RATE  STUDIES 

In  order  to  study  this  problem  further,  a  program  was  initi¬ 
ated  between  the  SSC  and  Westinghouse  Corporation  (WEC), 
the  designated  contractor  for  the  HEB  dipole  manufacture.  A 
considerable  enhancement  in  the  understanding  of  ramp  rate 
behavior  has  resulted  [2,3,4]. 

The  combination  of  cable  twist  pitch  and  interstrand  resis¬ 
tance  produces  trapezoidal  loops  within  the  Rutherford  Cable 
[4];  ramping  the  magnet  produces  eddy  currents  within  these 
loops.  These  currents  flow  through  the  interstrand  resistance 
generating  heating,  and  superpose  to  the  transport  current  of 
one  side  of  the  cable.  The  eddy  current  distribution  within  the 
cable  depends  upon  both  the  “crossover”  resistance  of  over¬ 
lapping  strands  as  well  as  the  parallel  resistance  of  side-by- 
side  strands.  Furthermore,  these  resistance  values  vary  along 
the  magnet  length  as  strand  surface  conditions  and  interface 
pressure  values  change.  The  combined  effect  is  to  produce 
eddy  current  induced  heating  and  local  enhancement  of  the 
transport  current,  both  of  which  effectively  reduce  the  margin 
of  the  conductor. 

For  type  A  ramp  rate  sensitivity  it  is  believed  that  the  inter¬ 
strand  heating  dominates.  The  resistance  between  strands  can 
be  as  low  as  1  or  less  and  interstrand  heating  is  uniformly 
distributed  throughout  the  cable.  Eddy  current  heating  within 
the  cable  may  therefore  be  fit  to  the  magnet  dependence 
observed. 

Type  B  behavior  is  less  well  understood.  It  is  believed  that 
for  this  behavior,  crossover  resistance  for  most  of  the  coil  is 
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relatively  high,  resulting  in  loops  of  large  inductance  along  the 
cable,  which  are  finally  closed  by  a  less  frequent  low  value  of 
interstrand  resistance  [5].  The  result  is  a  greater  sensitivity  at 
lower  values  of  ramp  rate. 

A.  Model  Magnet  Studies 

Short  versions  of  the  full-length  designs  allow  cost  effec¬ 
tive  and  timely  testing  of  most  features  of  full-length  magnets. 
A  short  dipole  program  was  begun  to  assess  the  performance 
of  the  WEC  dipole  design.  The  magnet  cross  section  consisted 
of  a  two-layer  cos  9  design  with  inner  and  outer  coil  sections 
connected  via  a  ramp  splice  internal  to  the  coil.  The  NbTi 
cable  consisted  of  30-strand,  0.81  mm  diameter  1.3:1  copper 
to  superconductor  ratio  for  the  inner  coil  and  36-strand,  0.67 
mm  diameter  1.8:1  copper  to  superconductor  ratio  for  the 
outer  coil.  The  cable  twist  pitch  was  88  mm.  Single  strand 
crossover  resistance  for  the  uncoated  cable  was  expected  to  be 
of  the  order  of  1  or  10  pQ  based  on  studies  of  sectioning  of 
similar  magnets  [6],  while  the  interstrand  resistance  of  the 
ebanol-coated  cables  was  expected  to  be  much  larger,  of  the 
order  of  10  mQ. 

The  quench  performance  of  the  cross  section  was  quite 
acceptable,  with  typically  two  training  quenches  to  plateau. 
Ramp  rate  performance  of  the  first  two  magnets  of  the  series, 
which  had  untreated  cable,  was  type  A. 

III.  EBANOL-COATED  CONDUCTOR 
FABRICATION 

The  practice  of  insulating  adjacent  strands  or  every  other 
strand  for  the  purposes  of  reducing  ramp  rate  sensitivity  is  not 
new;  it  was  first  pursued  at  Fermi  National  Laboratory  while 
building  the  Tevatron.  That  cable  was  composed  of  alternating 
strands  with  ebanol  and  stabrite  coatings,  respectively.  Ebanol 
is  a  commercial  copper-oxide-based  coating  material  which 
converts  a  copper  surface  to  a  robust  copper-oxide  coating. 
The  stabrite  coating  is  a  silver-tin  solder  coating.  This  cable 
configuration  is  commonly  referred  to  as  “zebra”  because  of 
the  alternating  black  and  “white”  appearance. 

For  this  study,  two  cable  configurations  were  prepared  in 
order  to  determine  the  resulting  effects  of  the  coatings  on  the 
ramp-rate-dependent  quenching  of  short  SSC  dipole  magnets. 
The  first  is  identified  as  “panther”  cable  (every  strand  coated 
with  ebanol)  and  the  second  is  identified  as  “tiger”  cable 
(alternate  strands  were  left  uncoated).  The  magnet  mechanical 
design  performed  sufficiently  well  so  that  changes  to  improve 
training  were  unnecessary.  Thus,  the  comparisons  in  ramp  rate 
performance  due  to  cable  coating  alone  could  be  evaluated. 
Unfortunately,  funding  was  terminated  for  the  SSC  project 
during  the  program  and  only  the  results  for  the  panther  versus 
bare  cable  can  be  presented  here. 

Strands  of  Inner  wire,  taken  from  a  single  production  unit, 
were  used  for  this  set  of  magnets.  Sufficient  wire  for  four 
complete  sets  of  Inner  coils  was  used.  Approximately  two- 
thirds  of  the  wire  was  coated  with  ebanol  using  a  commercial 
dipping  process.  The  strands  were  uniformly  coated  with 


ebanol  upon  return  from  the  vendor.  The  wires  had  a  high 
degree  of  debris  on  the  strands  due  to  deposition  of  the  ebanol 
onto  the  spools  during  the  processing.  The  wires  were  thor¬ 
oughly  cleaned  with  alcohol  wipes  on  the  respooling  line  prior 
to  the  fabrication  of  the  cables. 

Bare  copper  strands  were  spliced  onto  the  front  of  each  of 
the  coated  strands  as  a  leader  which  was  used  to  set  up  the 
appropriate  cable  parameters  prior  to  fabricating  the  actual 
cables.  This  turned  out  to  be  ineffective,  since  the  surface 
friction  of  the  ebanol-coated  strands  is  sufficiently  different  as 
to  require  a  new  set  of  cabling  machine  parameters  to  produce 
the  cables  with  the  coated  strands.  The  set-up  for  both  the 
panther  and  tiger  cables  was  quite  similar  but  were  very  dif¬ 
ferent  from  cables  made  with  bare  copper  strands. 

III.  TEST  RESULTS 

The  ramp  rate  sensitivity  measured  on  the  ebanol-coated 
cable  magnet,  known  as  DSB703,  is  shown  in  figure  2.  The 
first  two  magnets  produced  in  the  series,  which  have  no 
coating  on  the  cable,  are  also  shown  for  comparison. 


Figure  2:  Quench  current  dependence  on  ramp  rate  for  ebanol- 
coated  and  uncoated  cable  magnets. 

The  plateau  (field  limited)  currents  for  DSB701,2  and  3 
are  7758  A,  8058  A  and  7914  A,  respectively.  For  comparison 
of  ramp  rate  performance,  figure  2  shows  the  quench  currents 
as  fractions  of  the  plateau  current.  The  plateau  currents  were 
measured  at  low  ramp  rates  -  1  A/s  where  ramp  rate  induced 
heating  effects  can  be  neglected. 

AC  losses  measured  on  the  uncoated  and  coated  cable 
magnets  are  shown  in  figure  3.  Eddy  current  losses  have  been 
reduced  from  1.15  J/m/cycle/(A/s)  to  0.58  J/m/cycle/(A/s). 
Bipolar  losses  are  shown,  as  the  magnet  was  intended  for 
bipolar  use. 

The  hysteresis  losses  remain  the  same  as  expected  and 
provide  a  convenient  verification  of  the  two  measurements. 
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IV.  CONCLUSIONS 


Figure  3:  AC  loss  data  for  ebanol-coated  and  uncoated  cable 
magnets. 

A.  Discussion 

It  can  be  seen  that  the  ebanol-coated  cable  has  a  type  B 
behavior,  which  was  somewhat  unexpected.  This  may  be  ex¬ 
plained  by  mechanical  instability  of  the  ebanol  insulation, 
which  during  cable  fabrication  and  coil  winding  results  in 
small  areas  of  bare  cable  and  low  interstrand  resistance.  Al¬ 
though  ramp  rate  sensitivity  at  the  higher  ramp  rates  has  been 
significantly  reduced,  at  the  lower  rates  one  has  the  situation 
we  wished  to  avoid.  It  would  appear  that  the  solution  is  to 
have  a  uniformly  distributed  crossover  interstrand  resistance  in 
order  to  induce  type  A  behavior,  but  to  keep  the  value  high 
enough  such  that  extreme  behavior  (somewhat  shown  by 
DSB701)  is  avoided.  This  may  be  accomplished  by  coating 
the  cable  with  a  different  material  which  has  a  relatively  high 
resistivitiy  and  yet  does  not  wear  off  the  strand  during  the 
cable  and  magnet  fabrication  processes,  resulting  in  the  type  B 
behavior  observed. 


A  program  of  short  magnet  fabrication  has  allowed  us  to 
compare  the  ramp  rate  performance  of  a  magnet  design  where 
only  the  coating  on  the  magnet  cable  was  changed.  Coated 
cables  show  promise  for  the  control  of  ramp  rate  sensitivity 
and  ac  losses. 
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COMBINED  ELEMENT  MAGNET  PRODUCTION  FOR  THE 
RELATIVISTIC  HEAVY  ION  COLLIDER  (RHIC)  AT  BNL* 
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Brookhaven  National  Laboratory,  Upton,  New  York  1 1973-5000 


The  production  of  432  combined  element  magnets  for 
RHIC  is  well  underway.  These  magnets  consist  of  a 
superconducting  corrector,  a  quadrupole,  and  a  sextupole 
combined  into  an  integrated  cold  mass  which  is  inserted  into 
a  cryostat  Production  experiences  as  weU  as  test  results  are 
reported. 

I.  INTRODUCTION 

A  total  of  (432)  80-mm  aperture  combined  element 
magnets  (CEM)  are  currently  being  fabricated  at  Brookhaven 
National  Laboratory  for  installation  into  the  RHIC  ring.  To  date, 
(40)  assemblies  have  been  completed,  with  (60)  additional  units 
in  various  stages  of  assembly.  These  CENTs  consist  of  various 
combinations  of  corrector,  quadrupole,  and  sextupole  elements, 
assembled  together  into  a  common  cold  mass  containment  and 
vacuum  vessel.  Ihe  majority  of  these  magnets  (294)  are  CQS 
assemblies,  containing  all  three  elements  (see  Fig.  1). 


CORRECTOR  QlMORUPOtE  SEXtUPOEE 

Fig.  1 .  CQS  elements 


The  quadrupole  and  sextupole  elements  are 
manufactured  industrially;  the  corrector  elements  are 
manufactured  in-house  at  Broddiaven.  The  CEM  program  takes 
these  three  individual  elements  and  assembles  them,  along  with 
dozens  of  other  components,  into  a  single  complete  unit,  ready 
for  installation  into  the  RHIC  ring.  Brookhaven  elected  to  build 
the  CEM  in-house  because  of  the  large  variety  of  types  required, 
and  the  diverse  origin  of  the  many  component  parts. 

Undertaking  such  a  large-scale  production  program  "in- 
house"  at  Brookhaven  has  presented  a  unique  opportunity  for  the 
laboratory  to  experience  first-hand  many  of  the  production  related 


*Work  supported  by  U.S.  Department  of  Energy  under  Contract  No. 
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issues  and  problems  that  are  common  to  industry.  In  addition  to 
technical  issues  that  occur,  these  include  problems  of  scheduling, 
manpower,  documentation,  parts  deliveries,  and  Quality 
Assurance. 

II.  CONFIGURATIONS 

The  (432)  CEM s  consist  of  eighty  separate  and  distinct 
"models",  varying  in  required  quantity  from  one  to  eighteen.  In 
addition  to  the  (294)  standard  CQS  assemblies,  there  are  seven 
other  basic  CEM  types.  These  other  assemblies  do  not  contain  the 
sextupole  element  and  vary  in  design  by  incorporating  a  trim- 
quadrupole  in  its  place  and/or  the  use  of  a  different  length 
quadrapole  element.  These  OEMs  are  designated  CQT4,  CQT5, 
CQT6,  CQ7,  CQS,  CQ9,  and  CQ9  (Special).  The  total  number  of 
different  configurations  is  brought  to  eighty  by  the  incorporation 
of  the  following  additional  variables: 

Corrector  Type  (five  options) 
Clockwise/Counterclockwise  Ring  Orientation 
Quench  Protection  Diode  Polarity  (Quadrupole) 

Beam  Position  Monitor  Direction  (Horiz/Vert/Both) 
Presence  of  Cryogenic  Recooler 


III.  PRODUCTION 

A.  Plan 

The  overall  plan  for  producing  CEM  assemblies  at 
Brookhaven,  and  the  required  tooling,  had  been  developed  during 
the  RHIC  magnet  R&D  program  ovct  several  years.  In  late  1 993, 
following  a  pre-production  program  that  consisted  of  two 
complete  assemblies  (using  non-production  tooling),  the  present 
CEM  production  schedule  was  developed.  An  aggressive 
schedule  was  adopted,  in  which  production  would  run  for 
roughly  twenty-six  months  (ending  October,  1996).  After  an 
initial  lamp-up  to  full  production,  a  magnet  delivery  rate  of  one- 
per-day  was  targeted  as  an  achievable  goal.  The  sequence  of 
producing  the  various  models  was  arranged  based  upon  providing 
the  magnets  required  for  the  RHIC  sextant  test  by  early  1996 
while  minimizing  perturbations  to  the  production  line  due  to 
tooling  changeovers. 

Detailed  manpower  plans  were  developed  and 
coordinated  with  other  Brookhaven  magnet  construction 
programs.  A  full-scale  Quality  Assurance  program  was 
implemented,  encompassing  virtually  every  aspect  of  the 
upcoming  production:  parts  procurement,  material  control. 
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production  travelers,  discrepancy  reporting  system,  etc....  Magnet 
assembly  drawings  and  procedures  were  developed  (and  continue 
in  development  as  production  of  different  models  begins). 

Production  readiness  reviews  were  held  in  mid-1994 
with  Brookhaven  scientists  and  engineers.  Two  independent 
production  reviews  were  conducted  including  experts  from 
private  industry,  and  their  recommendations  incorporated  into  the 
program.  Production  of  the  first  magnet  began  in  June,  1994. 

B.  Process 

The  CEM  is  designed  to  incorporate  many  subsystems 
required  in  the  machine  into  a  single  integrated  unit  that  can  be 
assembled  and  tested  in  a  factory  setting.  Tooling  is  set  up  to 
provide  accurate  alignment  between  components,  to  minimize 
manual  labor,  and  to  reduce  assembly  errors.  CEM  assemblies 
are  built  to  fit  into  specific  positions  in  the  RHIC  lattice. 

The  CEM  production  process  begins  with  the  initial 
assembly  of  the  individual  elements  onto  a  common  fixture  and 
the  wiring  of  the  center  element  (quadrupole)  (Fig.  1).  A  fully 
automated  dual-head  MIG  machine  is  used  to  weld  the  stainless 
steel  shells  around  the  elements.  Subsequent  assembly  stations 
align  and  weld  the  end  plates  and  support  cradles. 
Electromechanical  assembly  comes  next,  including  installation  of 


CORRECTOR  END  SE)(TIIP0LE  END 

Fig.  2.  CQS  cold  mass  assembly 

the  quench  protection  diode  for  the  quadrupole.  The  beam 
tube/beam  position  monitor  assembly  is  then  installed,  and  the 
cold  mass  end  volumes  welded  in  place  (Fig.  2). 

The  next  critical  step  is  measurement  of  the  alignment 
between  the  individual  cold  mass  elements,  followed  by  fiducial 
installation.  This  operation  is  performed  on  a  granite  surface  plate 
using  digital-mechanical  instruments  reading  directly  into  a 
computerized  data-base.  The  reliability  of  the  measurements 
taken  during  this  process  has.  improved  significantly  since  the 
start  of  the  program,  and  will  likely  continue  to  evolve  as  data 
accumulates  and  opportunities  for  improvement  occur.  Following 
these  alignment  measurements,  the  completed  cold  mass  is 
pressurized  internally  to  345  psig,  while  simultaneously  drawing 
a  vacuum  on  the  outside.  Leak  tightness  down  to  2  x  ICJ^^  Std-cc 
He/sec  is  thus  assured. 

Insulation  blankets,  pipes,  heat  shield,  and  support  posts 
are  then  assembled  to  the  cold  mass  and  the  entire  sub-assembly 
is  inserted  into  its  vacuum  vessel  (Fig.  3).  Final  electrical 
connections  and  polarity  checking  are  then  completed.  The 


CORRECTOR  END  SEXTUPQLE  END 

Fig.  3.  Completed  CQS  assembly 

finished  assembly  is  vacuum  leak  tested  and,  following  warm 
magnetic  measurements,  ready  for  delivery  to  either  horizontal 
cold  testing  or  directly  to  the  RHIC  ring. 

IV.  STATUS  &  EXPERIENCE 

The  CEM  program  is  close  to  schedule  with  regard  to 
magnets  under  construction,  but  has  fallen  behind  in  terms  of 
completed  units.  This  shortfall  is  primarily  due  to  parts  delivery 
problems.  These  delivery  problems  have  only  recently  been 
resolved,  and  an  aggressive  effort  is  being  made  to  clear  the 
backlog  of  partially  assembled  magnets. 

To  date,  some  twenty-three  CQS  magnets  have  been 
successfully  cold  tested  in  the  horizontal  test  facility.  Corrector 
and  sextupole  elements  have  been  ramped  to  the  limit  of  their 
leads  (20%  above  their  maximum  operating  current),  with  only 
one  quench  among  all  the  magnets.  Quadrupole  elements 
consistently  quench  at7.5  kA  with  little  training,  50%  above  their 
nominal  operating  current.  Note  that  CQS  quadrupole  quench 
currents  are  below  those  obtained  for  the  individually  tested 
quadrupole  elements  because  of  the  heat  load  from  the  warm 
finger  inserted  into  the  CQS  for  magnetic  measurements  [1]. 

In  bringing  the  CEM  production  program  to  this  point, 
the  following  experiences,  in  the  nature  of  "lessons  learned",  are 
noteworthy: 

A.  Tooling 

he  ability  to  build  pre-production  magnets  using  the  final 
production  tooling  would  have  resulted  in  a  significantly 
smoother  start-up  in  the  actual  construction  program.  Tooling 
shake-outs  and  modifications  contributed  to  delays  in  program 
start-up. 

B.  Parts 

The  issue  of  parts  availability  has  proven  to  be  more 
difficult  than  anticipated.  Some  of  these  issues  are  attributable  to 
allowing  insufficient  lead  time  to  the  vendors,  but  most  are  not. 
Problems  related  to  the  major  contracts  run  the  gamut  from 
vendors  simply  falling  behind  schedule  to  their  outright  inability 
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to  produce  parts  to  specification.  These  problems  represent  the 
primary  reason  for  the  program  having  fallen  behind  schedule.  It 
is  unclear  whether  these  problems  could  have  been  mitigated  by 
more  diligent  up-front  efforts  (e.g.  using  Requests  for  Proposals 
and  technical  evaluation  boards).  Given  current  government 
contracting  procedures  and  the  fact  that  private  industry  is 
similarly  plagued  by  problems  of  this  nature,  it  may  well  be  that 
these  situations  should  be  classified  as  “essentially  unavoidable”. 

In  any  event,  it  is  apparent  that  Brookhaven  staff  was  too 
optimistic  in  this  regard,  and  in  the  future  should  be  more 
cautious, 

C.  Technical  Issues 

Relatively  few  technical  issues  have  arisen  during  the 
initial  production  phase,  and  these  might  be  classified  as 
’’nagging"  rather  than  "critical"  in  nature. 

Perhaps  the  primary  technical  issue  to-date  has  been 
with  regard  to  magnet  alignment  and  distortions  caused  by 
welding.  One  such  distortion  was  noted  early-on:  the  welding 
of  the  cold  mass  support  cradles  to  the  shell  caused  an 
unacceptable  bend  in  the  entire  cold  mass  assembly.  It  was  then 
necessary  to  modify  the  welding  procedures  so  that  a  roughly 
equal  quantity  of  weld  metal  would  be  added  directiy  opposite  to 
the  cradle  welding,  thus  effectively  canceling  any  distortion. 
Other  distortions  are  caused  by  the  welding  of  the  fiducial  discs, 
and  by  the  welding  of  the  cold  mass  end  volumes. 

To  help  quantify  and  deal  with  the  welding  distortions, 
it  was  found  necessary  to  upgrade  the  alignment  measurement 
data  acquisition  method.  Fiducial  measurements,  for  example, 
were  initially  taken  mechanically,  and  recorded  by  hand;  optical 
surveying  was  then  performed  as  a  check  of  accuracy.  Since 
performing  an  optical  survey  on  each  cold  mass  is  extremely  time 
consuming,  it  was  decided  to  upgrade  the  mechanical  system  by 
incorporating  digital  gauges  and  a  computerized  data  collection 
system,  generating  on-line  plots  of  magnet  alignment.  Initial 
results  from  the  new  system  are  very  encouraging.  It  should  be 
noted  that  the  magneto-optical  colloidal  cell  is  being  utilized  on 
all  CEM  units  as  a  final  check  of  alignment  data  [2]. 

Another  technical  issue  which  arose  early-on  concerned 
the  method  of  pressure/leak  checking  the  cold  mass  assembly.  A 
combined  test  is  done,  wherein  the  magnet,  suspended  in  a  test 
dewar,  is  pressurized  internally  to  345  psig  using  helium  while 
simultaneously  drawing  a  vacuum  on  the  outside  of  the  assembly. 
In  this  condition,  a  leak  detector  monitors  the  dewar  for  helium 
leakage  for  15  minutes.  A  successful  test  certifies  the  cold  mass 
assembly  to  a  maximum  leak  rate  of  2  x  10  *®  Std  cc  He/sec.  In 
several  instances,  leaks  have  been  detected  in  the  cold  mass  (in 
the  end  volumes)  that  were  not  previously  discovered  when  the 
individual  component  was  given  only  a  simple  leak  check.  Under 
internal  pressure,  small  movements  and  flexing  occurs  that  reveal 
leaks  that  would  otherwise  go  undetected.  It  is  thus  concluded 
that  the  combination  pressure/leak  test,  replicating  the  actual  in- 
service  condition,  is  an  extremely  valuable  production  step. 


V.  SUMMARY 

Ten  months  into  actual  magnet  production,  the 
construction  of  CEM  assemblies  has  reached  full-speed,  with 
ongoing  deliveries  to  the  RHIC  ring.  Tooling  shake-out  is 
complete  and  assembly  technicians  are  well  trained  in  their  tasks. 
Some  vendor  problems  remain  and  are  being  dealt  with 
appropriately.  A  way  has  been  found  to  deal  with  the  technical 
issue  of  distortions  caused  by  welding.  Though  start-up  took 
longer  than  anticipated,  the  program  appears  poised  for  a 
successful  run,  with  completion  on  or  near  schedule. 

VL  ACKNOWLEDGEMENTS 

We  acknowledge  with  pleasure  the  hard  work  and 
technical  expertise  of  our  industrial  partners  Northrop  Grumman 
Corporation  and  Everson  Electric. 

VII.  REFERENCES 

[1]  J.  Wei  et  al.,  “Field  Quality  Evaluation  of  the 
Superconducting  Magnets  for  the  Relativistic  Heavy  Ion 
Collider,”  Proc.  PAC  ‘95. 

[2]  D.  Trbojevic  et  al.,  “Alignment  and  Survey  of  the 
Elements  in  RHIC,”  Proc.  PAC  ‘95. 


1422 


FIELD  QUALITY  CONTROL  THROUGH  THE 
PRODUCTION  PHASE  OF  RHIC  ARC  DIPOLES 

R.  Gupta,  A.  Jain,  S.  Kahn,  G.  Morgan,  P.  Thompson,  P.  Wanderer,  E.  Willen 
Brookhaven  National  Laboratory,  Upton,  NY  11973,  USA 


Abstract 

The  field  quality  in  the  arc  dipoles  built  thus  far  for  the  Rel” 
ativistic  Heavy  Ion  Collider  (RHIC)  not  only  meets  machine 
requirements’^  but  is  significantly  better  than  that  expected  fi:om 
seeing  laws  based  on  previous  large  scale  superconducting 
magnet  production  for  particle  accelerators.  In  this  paper  we 
describe  the  evolution  of  the  present  cross  section  and  the  de¬ 
sign  philosophy  that  has  led  to  these  improvements.  The  tech¬ 
niques  described  here  have  been  found  quite  efficient  to  adopt  in 
the  production  environment,  where  schedule  and  cost  consider¬ 
ations  become  important.  Moreover,  the  techniques  developed 
during  the  R&D  program  have  resulted  in  making  the  saturation 
induced  harmonics  negligible,  despite  the  fact  that  the  iron  is 
very  close  to  the  coil. 

L  INTRODUCTION 

The  Relativistic  Heavy  Ion  Collider  being  built  at  the 
Brookhaven  National  Laboratory  will  require  288  superconduct¬ 
ing  dipole  magnets  in  the  arcs.  The  cross  section  of  these 
magnets  is  shown  in  Figure  1  and  the  basic  design  parame¬ 
ters  are  given  in  Table  I.  About  half  of  them  are  already  built 
by  Northrop-Grumman  Corporation  and  the  field  harmonics  are 
measured^.  The  field  harmonics  are  defined  in  the  following 
relation: 

CO  /  I  •  \  ^ 

By  +  iB^  =  10-'‘5o  Y^[K  +  ia„]  r  , 

n=0 

where  and  By  are  the  components  of  the  field  at  (a?,  y)  and 
Bo  is  the  central  field,  an  are  the  skew  harmonics  and  are  the 
normal.  Ro  is  the  normalization  radius  which  is  chosen  to  be  25 
mm  in  these  magnets. 

Table! 

Basic  design  parameters  of  RHIC  arc  dipoles 


Coil  inner,  outer  radius 

40  mm,  50  mm 

Yoke  inner,  outer  radius 

59.7  mm,  133.4  mm 

Field,  current  at  injection 

0.40  T,  0.57  kA 

Maximum  design  field,  current 

3.46  T,  5.09  kA 

Computed  quench  at  4.5®  K 

8.25  kA 

Magnetic  length  at  3.46  Tesla 

9.44  m 

The  major  sources  of  harmonic  content  in  superconducting 
magnets  are  :  (a)  Geometric  multipoles  due  to  a  non-ideal  mag¬ 
net  geometry,  (]b)Persistent  current  induced  multipoles  due  to 

*Work  supported  by  the  U.S.  Department  of  Energy  under  the  contract  No. 
DE-AC02-76CH00016. 
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Figure  1.  The  cross  section  of  the  RHIC  arc  dipoles. 


the  superconducting  properties  of  the  cable,  (c)Saturation  in¬ 
duced  multipoles  due  to  non-linear  properties  of  the  iron  yoke, 
(d)Coil  deformation  multipoles  due  to  changes  in  the  shape  of 
the  collared  coil  due  to  Lorentz  forces. 

IL  COIL  DESIGN  ITERATIONS 

To  obtain  a  high  field  quality  such  as  that  measured  in  RHIC 
magnets,  the  conductors  must  be  placed  at  the  appropriate  lo¬ 
cation  to  an  accuracy  of --50  pm  (0.002").  However,  after  the 
coils  are  manufactured,  they  go  through  significant  deformation 
during  curing,  collaring  and  cool  down  processes  and  there  is  no 
direct  control  on  where  an  individual  turn  will  exactly  go.  The 
mechanical  deformation  in  the  coil  and  iron  shape  during  manu¬ 
facturing  is  not  calculable  to  a  combined  accuracy  of  50pm,  To 
overcome  this  limitation,  we  empirically  remove  the  influence 
of  these  distortions  by  calculating  the  offsets  in  measured  field 
harmonics  from  the  computed  values  after  including  all  known 
sources.  These  offsets  are  subtracted  out  during  the  cross  sec¬ 
tion  iterations.  In  addition,  the  required  changes  in  the  iterated 
design  are  specified  in  terms  of  relative  changes  in  dimensions 
as  compared  to  the  previous  design  so  that  the  errors  in  tooling 
etc.  get  subtracted  out. 

The  successful  outcome  of  this  approach  is  clear  from  Ta¬ 
ble  II  where  the  measured  averages  for  the  allowed  harmon¬ 
ics  are  given  for  the  Prototype,  Phase  1,  Phase  lA  and  Phase 
2  dipoles.  The  Phase  1  cross  section  was  the  initial  cross  section 
used  in  the  first  19  industry-built  magnets  which  was  based  on 
the  cross  section  used  in  the  last  two  prototype  magnets  built  at 
BNL.  The  coil  midplane  gap  was  deliberately  made  larger  by 
0.05  mm  than  the  required^  minimum  value  of  0.10  mm.  This 
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was  to  compensate  for  a  potential  change  in  field  quality  associ¬ 
ated  with  the  change  in  tooling  between  the  prototype  and  indus¬ 
try  built  magnets.  An  adjustment  in  the  midplane  gap  is  much 
more  powerful  than  an  alternate  method  of  adjusting  coil  pole 
shim,  particularly  for  the  crucial  64  harmonic.  In  fact,  this  ad¬ 
justment  got  quickly  implemented  in  the  Phase  1 A  cross  section 
(used  in  the  next  86  magnets),  when  the  coil  midplane  gap  was 
changed  from  0.15  mm  to  0.10  mm  to  reduce  64.  The  change 
in  midplane  gap  back  to  0.15  mm  together  with  a  change  in  one 
wedge  by  63.5/im  was  incorporated  in  the  Phase  2  cross  sec¬ 
tion.  The  current  production  is  proceeding  on  this  design  and  24 
dipoles  are  included  in  Table  II.  In  all  cases  good  agreement  has 
been  found  between  the  calculations  and  measurements. 

Table  0 

The  average  and  RMS  values  of  field  harmonics  in  various 
cross  section  designs  for  RHIC  arc  dipoles.  The  b2  harmonic  is 
given  at  the  maximum  field  (3.46  T)  and  the  other  harmonics  at 
injection  (0.4  Tesla).  The  measured  warm  cold  correlation  of 
40  magnets  is  used  to  estimate  harmonics  in  129  magnets 
measured  warm. 


Design 

b4 

h 

Prototype 

1.3±0.8 

0.3  ±0.2 

-0.1  ±0.05 

0.40±0.03 

Phase  1 

0.4±1.6 

-1.0  ±0.4 

-0.38±0.09 

0.20±0.06 

Phase  lA 

1.2±1.2 

-0.4  ±0.30 

-0.10±0.08 

0.24±  0.03 

Phase  2 

-0.3±1.3 

0.1  ±0.32 

-.21  ±0.09 

0.00  ±0.03a 

Table  HI 

The  computed  changes  in  the  values  of  harmonics  produced  by 
a  systematic  azimuthal  error  of  +25/im  (0.001^^)  in  crucial 
parts  in  RHIC  arc  dipoles. 


Parameter 

Sb2 

Wedge  1 

■«glM 

Wedge  2 

0.69 

0.423 

0.022 

-0.050 

Wedge  3 

1.42 

-0.090 

-0.068 

0.041 

Pole  Width 

-1.11 

0.154 

-0.039 

0.014 

Midplane  Gap 

In  RHIC  magnets,  the  specified  tolerances  in  the  dimensions 
of  the  most  crucial  parts  are  typically  ±25//m  (0.001^).  In  Ta¬ 
ble  III  we  list  the  harmonics  produced  by  a  systematic  +25/im 
azimuthal  error  in  the  three  wedges,  pole  width  and  the  coil  mid¬ 
plane  gap.  The  coil  midplane  can  not  have  such  a  large  error  and 
is  given  for  25//m  only  for  consistency.  Moreover,  field  harmon¬ 
ics  are  also  created  by  other  parts  used  in  the  magnets,  such  as 
the  errors  in  yoke  dimensions  etc.,  but  they  are  generally  ex¬ 
pected  to  have  a  smaller  impact  on  harmonics.  In  a  few  magnets 
the  spacers  used  between  the  coil  and  iron  were  just  outside  the 
thickness  tolerance  and  caused  a  noticeable  change  in  the  trans¬ 
fer  function^. 

The  harmonics  in  Table  II  are  comparable  to  those  in  Table  III. 
This  suggests  that  the  harmonics  are  not  limited  by  the  design 


Figure  2.  The  measured  current  dependence  of  harmonics  during 
up  ramp  (and  20  second  wait)  in  RHIC  arc  dipoles. 


and  that  these  are  probably  the  best  harmonics  one  may  hope 
for  with  reasonable  values  of  mechanical  tolerances  and  normal 
variations  in  the  manufacturing  process. 

III.  YOKE  DESIGN  ITERATIONS 

In  RHIC  magnet  designs,  the  yoke  has  been  brought  very 
close  to  the  coil  in  an  attempt  to  get  the  maximum  contribu¬ 
tion  from  the  iron.  The  conventional  wisdom  against  such  at¬ 
tempts  in  the  past  had  been  that  the  saturation  induced  harmon¬ 
ics  would  become  unavoidably  large.  However,  the  results  from 
RHIC  magnets  show  that  despite  a  high  (^^35%)  contribution 
from  iron  (50%  to  100%  higher  than  those  used  in  major  accel¬ 
erator  magnets)  the  saturation  induced  harmonics  can  be  con¬ 
trolled  to  a  small  value.  In  Figure  2,  we  have  plotted  the  average 
values  of  field  harmonics  as  a  function  of  current  during  the  up 
ramp  in  129  magnets.  Only  40  of  them  are  actually  measured 
cold  and  for  others  an  already  well  established  warm-cold  cor¬ 
relation  from  40  magnets  is  used^.  The  dominant  source  for  the 
current  dependence  below  2  kA  is  the  persistent  current  in  the 
superconductors,  whereas  above  2  kA  it  is  the  iron  saturation 
and  the  change  in  coil  and  iron  shape  when  Lorentz  forces  are 
unloading  the  pre-compression  on  the  coil.  In  the  present  cross 
section,  the  deviation  from  the  average  in  the  design  range  of 
operation  is  ±2.5  unit  in  62  and  ±0.4  unit  in  64.  These  val¬ 
ues  are  comparable  to  those  generated  by  ±25^  m  error  in  more 
than  one  part  (Table  HI).  Except  for  the  62  harmonic,  all  har¬ 
monics  were  optimized  at  the  injection  field.  The  62  harmonic 
was  minimized  at  the  maximum  field  where  it  is  2.5  units  higher 
than  at  the  injection.  In  addition,  the  variation  in  them  is  also 
minimized  at  the  intermediate  fields.  The  saturation  induced  be 
harmonic  was  not  optimized,  as  long  as  it  did  not  become  too 
large. 

In  Figure  3,  we  show  the  current  dependence  in  the  62  and 
64  harmonics  in  various  yoke  designs.  The  harmonics  are  an 
average  of  up  and  down  ramps  to  remove  the  persistent  current 
induced  harmonics  to  first  order.  Also,  an  offset  is  added  in  each 
magnet  so  that  they  coincide  at  2  kA  for  easy  comparison.  One 
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can  see  an  order  of  magnitude  improvement. 

The  first  yoke  design  was  used  in  four  (DRA  series)  magnets 
-  the  last  one  (DRA004)  had  a  minor  modification  at  the  yoke 
outer  surface.  This  cross  section  had  a  coil  locating  notch  at 
the  pole  and  a  small  coil-to-yoke  gap  of  5mm.  Both  of  these 
features  contributed  to  a  large  saturation.  In  the  second  design, 
used  in  two  (DRB  series)  magnets,  the  coil-to-yoke  gap  was  in¬ 
creased  to  10  mm  and  the  notch  was  moved  to  the  midplane  to 
reduce  saturation.  Then  in  the  next  two  (DRC  series)  magnets, 
the  material  of  the  yoke-yoke  alignment  key  was  changed  from 
non-magnetic  stainless  steel  to  magnetic  steel.  This  made  62 
very  small  and  64  significantly  smaller  but  still  large  enough  to 
require  the  external  decapole  correctors.  Moreover,  in  order  to 
improve  the  coil  pole  definition/location,  it  was  decided  to  move 
the  coil  locating  notch  back  to  the  pole  from  the  midplane.  At 
this  stage,  the  yoke  cross  section  was  completely  redesigned  for 
the  next  two  (DRD  series)  magnets  and  64  saturation  was  made 
small  enough  to  consider  dropping  the  decapole  correctors  from 
the  lattice.  However  the  pole  notch,  as  expected,  gave  a  rela¬ 
tively  large  62  saturation.  Finally,  a  saturation  control  hole  was 
added  at  a  critical  location  near  the  yoke  inner  radius  in  the  last 
two  prototype  magnets  (DRE  series)  to  make  saturation  induced 
62  and  64  practically  zero.  However,  in  the  DRG  series  yoke  de¬ 
sign,  which  is  used  in  the  industrially  built  magnets,  the  material 
of  the  yoke-yoke  alignment  key  was  changed  from  the  magnetic 
low  carbon  steel  to  non-magnetic  stainless  steel  to  match  the 
thermal  contraction  of  the  shell  during  cool  down.  The  location 
of  the  saturation  control  hole  was  changed  to  compensate  for 
extra  saturation  introduced  by  this  change. 

In  the  RHIC  arc  dipoles,  the  cold  mass  is  not  vertically  cen¬ 
tered  in  the  cryostat.  At  high  field  this  creates  a  skew  quadrupole 
harmonic  of  ~  2  units.  In  the  present  design,  the  yoke  weight 
difference  between  the  top  and  bottom  halves  is  adjusted  to  com¬ 
pensate  for  this  effect. 

IV.  CONCLUSIONS 

The  R&D  program  carried  out  at  Brookhaven  has  resulted  in  a 
significant  improvement  in  field  quality  of  the  critical  arc  dipole 
magnets  for  RHIC.  In  Figure  4  the  net  field  error  on  the  mid¬ 
plane  in  these  magnets  is  compared  with  the  similar  aperture 
dipoles  for  other  large  accelerators. 
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Figure  3.  The  current  dependence  of  62  and  64  in  various  de¬ 
signs  of  RHIC  arc  dipoles  after  removing  the  persistent  current 
effects. 


Figure  4.  The  field  error  at  top  operating  field  on  the  midplane 
of  the  80  mm  aperture  RHIC  arc  dipoles  compared  with  76  mm 
aperture  HERA  and  76.2  mm  aperture  Tevatron  dipoles.  The 
error  bars  show  the  RMS  variations.  (Courtesy  S.  Peggs^  and  J. 
Wei). 
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ABSTRACT 

The  elliptical  multipole  wiggler  (BMW)  has  been  designed, 
constructed,  and  installed  in  the  X13  straight  section  of  the 
NSLS  X-ray  Ring.  The  EMW  generates  circularly  polarized 
photons  in  the  energy  range  of  0.1-10  keV  with  AC 
modulation  of  polarization  helicity.  The  vertical  magnetic 
field  of  0.8  T  is  produced  by  a  hybrid  permanent  magnet 
structure  with  a  period  of  16  cm.  The  horizontal  magnetic 
field  of  0.22  T  is  generated  by  an  electromagnet,  the  core  of 
which  is  fabricated  from  laminated  iron  to  operate  with  a 
switching  frequency  up  to  100  Hz.  There  are  dynamic 
compensation  trim  magnets  at  the  wiggler  ends  to  control  the 
first  and  second  field  integrals  with  very  high  accuracy 
throughout  the  AC  cycle.  The  residual  closed  orbit  motion  due 
to  the  electromagnet  AC  operation  is  discussed. 

1.  INTRODUCTION 

An  elliptical  multipole  wiggler  with  an  AC  electromagnet 
has  been  selected  for  the  NSLS  X-Ray  Ring  to  generate  x-ray 
radiation  in  the  energy  range  of  0.1-10  keV  with  time- 
dependent  polarization  [1,2].  The  AC  elliptically  polarized 
wiggler  will  make  it  possible  to  detect  the  very  weak 
signatures  of  circular  dichroism  and  other  effects  associated 
with  right-  vs.  left-handedness  of  some  physical  systems.  In 
order  to  generate  polarized  photons  near  the  upper  limit  of  the 
energy  spectrum,  the  vertical  deflection  parameter  Ky  should 
approach  a  value  of  about  12,  corresponding  to  a  hybrid 
wiggler  peak  field  of  0.8  T.  Since  there  is  a  trade-off  between 
the  on-axis  photon  flux  and  degree  of  circular  polarization,  the 
horizontal  parameter  Kx  should  be  optimized  for  each  specific 
experiment.  For  this  electromagnet,  the  maximum  design 
value  of  Kx  is  about  2.5  at  a  current  of  1  kA. 

Originally,  the  EMW  as  a  source  of  circularly  polarized 
photons  was  proposed  by  Yamamoto  and  Kitamura  [3].  Their 
device  consisted  of  permanent  magnet  wigglers  with  crossed 
fields  capable  of  generating  circularly  polarized  radiation  with 
higher  harmonics  on  the  wiggler  axis.  The  next  step  in  the 
development  of  EMW  design  was  made  by  Walker  and 
Diviacco  [4]  who  suggested  replacing  the  horizontal 
permanent  magnet  structure  by  an  AC  electromagnetic  wiggler 
to  modulate  in  time  the  helicity  of  the  on-axis  circularly 
polarized  radiation.** 

To  increase  the  measurement  accuracy  of  the  asymmetry 
between  the  effect  of  left  and  right  circularly  polarized 
radiation,  the  modulation  frequencies  should  be  located  in  the 

**  The  first  proposal  to  use  an  electromagnet  to  vary  the  helicity 
of  undulator  polarized  radiation  was  made  by  Onuki  [5]. 


ranges  with  the  minimum  spectrum  power  density  of  closed 
orbit  noise.  From  this  point  of  view,  for  the  NSLS  X-ray 
Ring,  the  preferable  modulation  frequencies  are: 

0<  /mod  <10  Hz  and  -100  Hz. 

Great  care  has  been  taken  in  the  design  of  the  EMW  to 
minimize  the  orbit  disturbance  generated  by  its  operation.  The 
following  requirements  for  field  integrals  of  the 
electromagnetic  structure  have  been  imposed: 

J B^{zyt)  •  dz  ^  ±\Gauss  •  cm  (1) 

0 

Z 

(z, f)  •  Jz  <  ±\QQGauss  •  cm^  (2) 

0  0 

Where  B^{z,t)  is  the  AC  horizontal  magnetic  field,  z,z 

are  longitudinal  coordinates,  and  is  the  wiggler  length. 

In  the  X-Ray  Ring,  these  field  integral  limitations  restrict  the 
vertical  closed  orbit  motion  to  be  less  than  1.5  micron.  These 
requirements  are  applied  for  the  modulation  frequency  range  up 
to  100  Hz  and  must  hold  throughout  the  AC  cycle.  Both 
wiggler  magnetic  structures  were  optimized  in  a  magnetostatic 
approximation  by  means  of  the  3-D  code  TOSCA.  The 
computer  simulations  of  power  dissipation  due  to  eddy 
currents  induced  in  the  design  elements  of  EMW  were  carried 
out  with  the  3-D  code  ELECTRA. 

II.  HYBRK)  STRUCTURE 

The  vertical  magnetic  field  is  produced  by  a  hybrid  wedge- 
pole  configuration  consisting  of  Nd-Fe-B  rectangular  magnetic 
blocks  and  vanadium-permendur  wedge  poles.  One  pole  and 
two  permanent  magnets  form  a  half-period  block,  each  of 
which  is  mounted  on  an  iron  backing  beam  between  iron 
"neutral"  poles  having  zero  scalar  potential  (Figure  1.) 


Figure  1.  The  wedge-pole  hybrid  configuration 
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Five  full-field  and  two  half-field  poles  produce  a  mirror- 
symmetric  magnetic  field  distribution  with  a  period  length  of 
16.0  cm.  A  peak  field  magnitude  of  0.8  T  at  a  minimum  gap 
go  of  28.0  mm  was  achieved.  The  nonsteering  termination 
was  realized  with  the  magnetic  gap  gi  increasing  by  2  mm  at 
the  half-field  poles.  The  upper  and  lower  hybrid  assemblies  are 
attached  to  independent  drive  trains,  providing  a  continuously 
variable  gap  motion  from  a  minimum  of  28.0  mm  to  a 
maximum  of  160  mm.  At  an  extreme  AC  regime,  when  the 
electromagnet  is  energized  with  100  Hz  alternating  current 
with  an  amplitude  of  550  A,  the  computed  total  losses  due  to 
eddy  currents  induced  in  the  vanadium-permendur  poles,  the 
permanent  magnets,  and  the  iron  "neutral”  poles  can  reach 
about  60  W  per  wiggler  period. 

III.  ELECTROMAGNETIC  STRUCTURE 

The  electromagnetic  structure  generates  a  periodic 
alternating  horizontal  magnetic  field  of  antisymmetric 
configuration  in  order  to  provide  the  periodic  vertical  beam 
trajectory  deflection  along  the  wiggler.  The  electromagnet 
includes  six  uniform  poles  with  a  magnetic  gap  of  54  mm  and 
end  structures  consisting  of  two  poles  at  each  side.  The  current 
excitation  is  provided  by  means  of  two  water-cooled,  "snake- 
type"  coils  [6]  with  a  copper  cross  section  of  about  140  mm^. 
The  magnetic  gaps  of  the  end  structure  poles  and  number  of 
turns  around  the  first  and  last  poles  are  different  from  those  in 
the  main  periodic  structure.  This  end  structure  performance 
was  designed  to  attain  a  nonsteering  {first  field  integral,  Eq. 
(1)}  and  a  displacement-free  {second  field  integral,  Eq.  (2)} 
termination  provided  that  the  pole  strength  pattern  is  close  to 
theoretical  1/4  :  3/4  :  1.  The  iron  cores  of  the  first  and  last 
poles  are  separated  from  the  main  yoke  and  are  provided  with 
adjusting  systems  to  vary  their  magnetic  gaps.  To  reduce  the 
generation  of  eddy  currents,  the  yoke  of  the  electromagnet  was 
constructed  from  0.5-mm-thick  laminations  of  transformer 
iron  with  a  silicon  content  of  3.5%.  At  the  extreme  regime 
(1=0.55  kA  and  computed  power  loss  does 

not  exceed  about  5  W  per  wiggler  period. 


Figure  2.  Electromagnetic  structure  design. 

IV.  VACUUM  CHAMBER 

The  vacuum  chamber  of  the  EMW  was  manufactured  by 
the  deformation  of  a  stainless  steel  circular  pipe  to  an 
elliptical  cross  section  of  inner  dimensions:  major  axis  of  50 
mm  and  minor  axis  of  25  mm.  To  decrease  the  eddy  current 
losses  in  the  vacuum  chamber,  a  wall  thickness  of  0.6  mm 
was  chosen  as  the  minimum  possible  from  a  mechanical 
collapse  point  of  view.  The  power  dissipation  computed  by 
ELECTRA  does  not  exceed  0.8  W  per  wiggler  period  at  the 
extreme  AC  regime. 


V.  POWER  SUPPLY  FOR  ELECTROMAGNET 

The  principle  of  forced  DC  current  commutation  is  used  in 
the  power  supply  for  the  electromagnetic  structure.  It  consists 
of  a  thyristor-stabilized  DC  power  supply  as  an  initial  current 
source  and  a  commutator  based  on  the  fast  thyristor  bridge- 
inverter.  The  bridge-inverter  output  is  connected  to  the 
electromagnet  coil  in  parallel  with  capacitor.  This  scheme  is 
designed  to  supply  the  electromagnet  by  direct  current  or  by 
trapezoidal  shape  alternating  current  with  a  switching 
frequency  range  from  0  up  to  100  Hz.  The  switching  time 
(current  polarity  reversing  time)  does  not  exceed  2  msec,  and  it 
retains  the  same  duration  up  to  the  upper  limit  of  switching 
frequencies.  The  power  supply  can  provide  an  output  current 
range  of  0.2  -  1.2  kA  with  the  current  magnitude  difference 
between  both  polarities  less  than  0.5%. 


Fig.  2.  Side  sectional  view  of  the  elliptical  multipole  wiggler. 

VI.  TIME-DEPENDENT  WIGGLER  FIELD 
INTEGRALS 

The  electromagnet  design  includes  some  nonuniformities 
related  mostly  to  anti-symmetric  locations  of  the  coil  current 
leads.  In  turn,  these  nonuniformities  give  rise  to  a  disturbance 
of  the  ideal  antisymmetric  magnetic  field  configuration  at  both 
ends  of  the  electromagnetic  structure.  This  effect  has  been 
corrected  easily  for  DC  operation  by  means  of  the  passive  gap 
adjusting  systems  at  the  end  poles.  However,  during 
switching,  periodic  time-dependent  components  arise  for  both 
the  first  and  second  field  integrals.  Due  to  the  slightly  different 
geometry  of  the  electromagnet  ends,  the  eddy  currents  induced 
in  the  copper  turns,  the  iron  elements  of  hybrid  structure,  and 
the  vacuum  chamber  lead  to  different  magnetic  field  time 
delays  along  the  wiggler,  hence,  to  different  conditions  of  field 
integral  compensation  at  each  time  moment. 

On  the  other  hand,  the  surroundings  of  the  electromagnet 
include  some  conductive  elements  with  a  thickness  a  few 
times  the  skin  depth  at  frequencies  corresponding  to  the 
switching  time  (0.5  kHz).  As  the  switching  frequency  is 
increased,  the  time  of  magnetic  field  diffusion  through  these 
materials  becomes  comparable  or  greater  than  a  half-period  of 
current  pulse.  It  is  obvious  that  the  time-dependent 
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components  of  integrated  fields  should  have  different  behaviors 
and  magnitudes  for  each  range  of  switching  frequencies. 
Besides,  there  is  a  relatively  weak  saturation  in  periodic 
structure  poles  that  can  cause  a  nonlinear  behavior  of  the  time- 
dependent  field  integral  components  at  the  higher  current 
amplitudes  ( above  0.6  kA). 

Moreover,  a  strong  magnetic  coupling  between  both 
magnetic  structures  leads  to  time  modulation  of  the  field 
integrals  in  the  hybrid  wiggler.  This  effect  was  experimentally 
observed  during  magnetic  field  measurements.  Because 
electromagnetic  poles  are  arranged  directly  opposite  to  the 
’’neutral"  poles  of  hybrid  structure,  some  part  of  the  magnetic 
flux  shunts  into  the  adjacent  iron.  The  magnetization  of  the 
thin  "neutral"  pole  tips  alternates  periodically  with  the 
horizontal  field.  Consequently,  in  the  areas  of  the  tip  that  are 
magnetically  saturated,  there  is  a  time  modulation  of  the 
magnetic  conductivity  in  the  perpendicular  direction.  This,  in 
turn,  leads  to  a  time  variation  of  the  integrated  field  in  the 
hybrid  structure.  The  magnitude  of  the  vertical  field  time- 
dependent  component  has  a  complicated  nonlinear  dependence 
on  the  magnetization  amplitude  but  its  sign  does  not  depend 
on  the  sign  of  alternating  magnetization  field.  Results  of 
magnetic  field  measurements  for  both  structures  at  the  DC  and 
AC  electromagnet  modes  are  presented  in  detail  in  [8].  The 
above  mentioned  reasons  forced  us  to  develop  an  active  system 
for  dynamic  compensation  of  the  time-dependent  integrated 
field  components. 

VII.  DYNAMIC  COMPENSATING  SYSTEM 
The  active  system  consists  of  two  trim  magnets  mounted 
at  each  side  of  the  EMW  and  separately  powered  by  computer- 
controlled  special  bipolar  power  supplies  (BPS).  The  sum  of 
the  electromagnet  shunt  signal  and  synchronous  arbitrary 
function  generator  (AFG)  signal  is  used  as  a  reference  voltage 
for  the  BPS.  As  a  result,  the  current  of  each  trim  magnet 
follows  the  current  shape  in  the  electromagnet  main  coil 
during  the  entire  AC  cycle.  Since  the  time-dependent 
components  of  field  integrals  are  periodic  in  time  and  rigidly 
connected  to  switching  frequency,  the  trim  magnet  current 
wave  form  can  be  corrected  by  a  synchronous  pulse  with  a 
programmed  shape  (AF).  The  AF  technique  was  originally 
developed  for  the  APS  synchrotron  correction  magnets  [7]  and 
has  been  incorporated  in  this  active  system.  The  shape  of  the 
AF  is  based  on  magnetic  measurement  data  but  can  be 
programmed  using  the  information  from  storage  ring  BPMs. 
Results  of  the  compensation  of  the  time-dependent  integrated 
field  by  the  active  system  obtained  at  the  magnetic 
measurement  stage  are  described  in  [8]. 

VIIL  BEAM  STUDIES  AT  NSLS  X-RAY  RING 
The  first  beam  studies  have  been  carried  out  at  modulation 
frequencies  of  2  and  100  Hz.  The  effect  of  the  EMW  on  the 
tune  shift  and  beta-function  distortion  is  negligibly  small.  For 
the  beam  orbit  distortion  studies,  a  number  of  tools,  such  as 
the  NSLS  X-ray  Ring  BPMs,  spectrum  analyzer,  and  photon 
beam  monitor,  were  used.  Dynamic  compensation  of  the  time- 
dependent  integrated  field  of  electromagn6tic  structure  has  been 
attained  within  the  requirements  expressed  by  Eqs.  (1)  and  (2) 
at  the  2  Hz  AC  mode  and  current  amplitude  of  0.4  kA.  With 
the  active  system  switched  off,  the  initial  rms  amplitudes  of 
the  closed  orbit  oscillation  reached: 


«  13jU  and  «  4.9/i . 

Using  the  compensation  current  feedback  additionally  corrected 
by  the  AFG,  the  vertical  orbit  motion  was  suppress^  down  to 
an  rms  amplitude  of  1.1  micron.  After  turning  on  the  storage 
ring  global  feedback,  the  residual  rms  amplitudes  of  the  beam 
orbit  noise  corresponding  to  modulation  frequency  of  2  Hz 
were  reduced  and  did  not  exceed: 

ay  <  0,2fi  and  <  0.5/z. 

These  spectrum  amplitudes  correspond  to  the  beam  orbit  angle 
rms  errors  at  the  straight  section  within  the  angles  of: 

A/  <  ±0. 75  •  rad  and  Ax'  S  ±2  •  10“’  rad  . 

It  is  necessary  to  note  that  the  horizontal  orbit  motion  caused 
by  the  time-dependent  field  component  of  the  hybrid  wiggler 
was  suppressed  only  by  means  of  global  feedback.  At  the  100 
Hz  AC  mode,  the  compensation  of  the  horizontal  time- 
dependent  component  related  to  the  second  field  integral  is  in 
good  agreement  with  the  magnetic  measurement  data.  The 
corresponding  residual  spectrum  amplitude  of  beam  noise  did 
not  exceed  1.1  micron.  However,  there  were  some  difficulties 
in  compensating  the  time-dependent  first  integral  component. 
The  beam  orbit  motion  measurement  synchronized  with  the 
switching  frequency  showed  a  phase  misalignment  between 
the  AF  and  current  pulses.  Probably,  this  effect  was  due  to  a 
lengthening  of  transmission  line  between  the  EMW  and  power 
supply  that  caused  changing  of  the  current  pulse  rise  rate. 
Since  the  global  feedback  is  not  effective  at  frequencies  as 
high  as  100  Hz,  a  new  2-D  compensation  active  system  is 
being  developed  to  suppress  the  time-dependent  field  integral 
components  of  both  the  electromagnetic  and  hybrid  structures. 
A  2-D  Panofsky’s-type  dipole  has  been  chosen  as  an  optimal 
trim  magnet  for  the  new  active  system.  This  system  is  under 
construction,  and  it  will  be  installed  in  the  EMW  in  the  near 
future.  After  its  adaptation,  the  beam  studies  at  the  frequency 
of  100  Hz  will  be  continued  to  attain  the  restrictions  for  orbit 
motion  specified  by  Eqs.  (1)  and  (2)  for  both  the  horizontal 
and  vertical  betatron  plane. 
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I.  ABSTRACT 

A  prototype  of  the  Elliptical  Multipole  Wiggler  (EMW)  [1] 
has  been  assembled,  tested  and  tuned  at  the  APS.  This 
prototype  has  a  period  of  160  mm  with  7  poles  for  the  hybrid 
structure  and  10  poles  for  the  electromagnet  part  of  the  EMW. 
The  hybrid  structure  of  the  EMW  produces  a  vertical  magnetic 
field  of  0.83  T  with  Ky=  12  for  a  gap  of  27  mm,  and  the 
electromagnetic  structure  provides  a  horizontal  field  change  up 
to  100  Hz  with  a  maximum  field  of  0.12  T  (1=  0.6  kA,  Kx= 
1.6).  The  current  pulse  has  a  trapezium-type  shape  with  a 
switching  time  to  change  the  current  polarity  of  about  2  ms. 
The  measurements  and  tuning  were  done  for  direct  current 
(DC)  mode  and  alternating  current  (AC)  mode.  Fine 
adjustment  during  the  test  at  the  NSLS  X-ray  ring  using  the 
BPMs  and  active  correction  system  allowed  to  achieve  about  1 
|xm  of  beam  distortion.  It  corresponds  to  the  peak-to-peak 
variations  during  the  time  less  than  ±0.5  G-cm  and  ±100  G- 
cm2  of  the  first  and  second  horizontal  field  integrals 
respectively. 

IL  INTRODUCTION 

Two  different  correction  systems  were  used  to  adjust  the  first 
and  the  second  field  integrals  dependence  on  time..  A  passive 
correction  system  includes  manually  adjustable  gaps  for  the 
end  poles.  The  adjustment  of  the  first  horizontal  field  integral 
was  performed  by  moving  the  gap  of  each  end  pole  in  the 
opposite  direction.  The  adjustment  of  the  second  horizontal 
field  integral  was  performed  by  moving  the  gap  of  each  end 
pole  in  the  same  direction  without  distortion  of  the  first  field 
integral  due  to  the  antisymmetric  configuration  of  the  device. 
The  active  correction  system  is  based  on  the  use  of  a  set  of 
two  trim  magnets  mounted  on  each  end  of  the  device.  The 
magnet  coils  are  fed  by  a  power  supply  with  an  arbitrary 
function  generator  [2] . 

III.  MAGNETIC  MEASUREMENT 
TECHNIQUE 

The  conventional  Hall  probe  technique  was  used  for 
measurements  of  the  magnetic  field  distribution  in  the 
longitudinal  direction.  The  rotating  coil  magnetic 
measurement  technique  was  used  for  field  integral 
measurements.  Actually  the  rotating  mode  was  necessary  only 
for  the  DC  mode.  For  the  AC  mode,  the  FAST  16-1  ADC 
board  was  used  with  a  sampling  time  of  0.1  ms  for  a 
fi-equency  of  100  Hz.  The  CTM05  board  was  installed  on  the 
PC  bus  and  used  to  generate  pulses  to  define  the  frequency  of 
the  power  supply  and  to  trigger  the  FAST  16-1  ADC  board  to 
synchronize  measurements.  The  integration  of  the  signal  from 
the  coil  provides  the  flux  dependence  on  time  through  the  coil. 
The  most  important  part  of  the  EMW  measurements  is  the 
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field  integral  dependence  of  electromagnetic  structure  on  time 
for  the  AC  mode  .  Measurements  of  the  second  field  integral 
by  the  usually  applied  technique  of  measuring  the  field  map 
are  very  time  consuming.  The  reason  is  that  such 
measurements  are  based  on  the  step-by-step  motion  of 
magnetic  sensors  along  the  main  axis  of  the  device  and  on 
time-dependent  measurements  at  each  point.  That  is  why  a 
novel  technique  using  a  twisted  long  coil  was  used  for  fast  and 
precise  magnetic  measurements  of  second  field  integrals  [3]. 

IV  MAGNETIC  FIELD  MEASUREMENTS 

The  results  of  Hall  probe  measurements  of  the  vertical  and 
horizontal  field  distributions  are  shown  in  Fig.  1. 


Fig.  1.  Horizontal  and  Vertical  Field  vs.  Z 

It  is  important  that  we  have  very  tight  requirements  for  the 
average  horizontal  first  field  integral  at  regular  parts  of  the 
device,  which  is  usually  not  important.  Due  to  the  AC 
operational  mode,  the  averaged  angle  of  trajectory  changes  its 
sign  according  to  current  polarity.  This  results  in  the 
requirement  that  this  angle  be  much  less  than  the  particle 
angle  spread  of  the  beam,  that  is  2*10"'^,  in  order  not  to 
distort  the  radiation  quality  of  the  device.  Thus  the  strength  of 
the  field  of  the  last  and  next-to-last  end  poles  was  chosen  to 
make  the  trajectory  as  close  to  ideal  as  possible.  The  result  of 
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the  calculation  of  the  second  horizontal  field  integral  from  the 
Hail  probe  data  is  shown  in  Fig.  2. 


Fig.  2.  Vertical  Trajectory  in  the  DC  mode 

V.  FIRST  FIELD  INTEGRAL 
MEASUREMENTS 

A  conventional  long  coil  with  parallel  wires  was  used  for  first 
field  integral  measurements.  For  measurements  of  hybrid 
structure  and  of  the  electromagnet  in  the  DC  mode,  coil 
rotating  at  360°  was  used.  Actually  these  measurements  were 
complementary  to  the  main  set  of  measurements  that  was 
done  in  the  AC  mode  without  rotating  the  coil.  The  results  of 
the  AC  first  horizontal  field  integral  measurements  are  shown 
in  Fig.  3  with  active  correction  on  and  off.  The  first 
horizontal  field  integral  change  during  the  cycle  is  less  than  10 
G-cm  without  active  correction  and  less  than  1  G-cm  with 
active  correction  switched  on. 


Time  (ms) 

Fig.  3.  First  Horizontal  Field  Integral  vs.  Time.  f=  100  Hz 

The  time  dependence  of  the  field  integrals  can  be  divided  into 
two  parts: 

1.  DC  part.  This  part  is  a  result  of  different  signs  of  the 
current  and  can  be  easily  adjusted  by  choosing  the  proper  gaps 
for  the  end  poles.  This  part  manifests  mainly  for  low 
frequencies  (less  than  10  Hz). 

2.  AC  part.  The  length  of  this  part  is  much  longer  than  the 
switching  time  (2  ms)  and  is  about  50  ms.  It  is  due  to  an 
eddy-current-produced  delay  of  the  field  penetrating  to  the  air 
space.  Small  differences  in  the  design  produce  different  delay 
times  for  different  parts  of  the  device  and  result  in  field 
integral  dependence  on  time.  The  only  way  to  correct  for  this 


is  to  apply  an  active  system  fed  by  a  special  power  supply 
with  an  arbitrary  function  generator.  Both  parts  of  the  first 
field  integral  time  dependence  can  be  easily  seen  at  a  frequency 
of  1  Hz  (Fig.  4)  without  dynamic  correction.  Only  the  DC 
part  was  adjusted  here  by  means  of  a  passive  end-correction 


Fig.  4.  First  Horizontal  Field  Integral  vs.  Time.  f=  1  Hz 

The  dependence  of  the  first  and  second  vertical  field  integrals 
on  time  exists  due  to  the  saturation  effect  of  the 
electromagnetic  field  on  hybrid  structure.  There  was  no  active 
correction  system  for  the  vertical  direction  at  the  time  of  the 
measurements,  and  the  change  in  the  field  integral  therefore  is 
bigger  than  that  for  the  horizontal  direction.  The  first  vertical 
field  integral  change  during  the  cycle  is  less  than  45  G-cm. 
The  results  of  the  measurements  of  the  AC  first  vertical  field 
integral  are  shown  in  Fig.  5 


Fig.  5.  First  Vertical  Field  Integral  vs.  Time.  f=  100  Hz 

VI.  SECOND  FIELD  INTEGRAL 
MEASUREMENTS 


Coil  twisted  by  180°  was  used  to  obtain  the  second  field 
integral  from  these  measurements.  At  such  a  configuration, 
the  expression  for  the  second  field  integral  dependence  on  the 
measured  magnetic  flux  and  the  first  field  integral  is  [3]: 

O 

4  (L)  =  -—  +  L  •  /j  (L) ,  where:  /j  (L)  and  I2  (L)  are  the 
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first  and  second  field  integrals,  respectively;  O  is  the 
magnetic  flux  through  the  coil;  L  is  the  half  length  of  the 
coil;  and  0  is  the  crossing  angle  of  the  coil.  This  expression 
becomes  especially  simple  and  allows  one  to  achieve  the 
most  reliable  and  precise  results  in  the  case  in  which  the  first 
field  integral  is  equal  to  zero. 

The  results  of  second  field  integral  measurements  are  shown  in 
Fig.  5  at  a  frequency  of  100  Hz.  Change  in  the  second 
horizontal  field  integrd  during  the  cycle  is  less  than  4000  G- 
cm^  without  active  correction  and  about  1000  G-cm^  with 
active  correction  switched  on.  Change  in  the  second  vertical 

field  integral  change  during  the  cycle  is  less  than  3000  G-crn^. 

' 


Fig.  6.  Second  Horizontal  and  Vertical  Field  Integral 
Dependence  on  Time.  f=  100  Hz 

VIL  INTEGRATED  MULTIPOLE 
COMPONENTS 

There  were  no  special  requirements  for  multipole  components, 
but  this  question  is  rather  important  from  ttiQ  point  of  view 
of  beam  life  time  and  beam  dimensions  in  the  storage  ring.  So 
a  set  of  measurements  was  performed  in  order  to  obtain  the 
dependence  of  the  first  field  integral  on  the  horizontal  position 
(X)  for  both  the  AC  mode  and  the  DC  mode.  The  DC  mode 
originates  mostly  from  the  hybrid  structure,  and  the  AC  mode 
originates  from  the  electromagnetic  part  and  time-dependent 
part  of  the  hybrid  structure  due  to  a  saturation  effect  induced 
by  the  electromagnet.  The  results  of  measurements  of  the  DC 


mode  obtained  from  the  rotating  coil  measurements  are  shown 
in  Table  1. 

Table  1.  Integrated  Multipole  Components  at  DC  mode 


Skew  components 


Ouadrupole  (G) 

Sextupole  (G/cm) 

Octupole  (G/cm^) 

183. 

29. 

29.4 

Normal  Components 


Ouadrupole  (G) 

Sextupole  (G/cm) 

Octupole  (G/cm^) 

48.3 

-383. 

0.23 

The  results  of  the  time-dependent  part  of  the  multipole 
components  are  shown  in  Table  2.  For  each  X  position,  the 
dependence  of  the  first  field  integral  on  time  was  obtained  and 
the  RMS  value  was  calculated.  The  results,  shown  in  Table  2, 
correspond  to  dependence  of  these  RMS  values  on  X. 

Table  2.  Integral^  Multipole  Components  in  the  AC  mode 


Skew  Components 


Ouadrupole  (G) 

Sextupole  (G/cm) 

Octupole  (G/crv?) 

-1.38 

11.6 

-13.8 

Normal  Components 


Ouadrupole  (G) 

Sextupole  (G/cm) 

Octupole  (G/cm^) 

0.13 

4.39 

0.91 

VIII.  CONCLUSION 


The  first  tests  of  the  BMW  at  the  NSLS  X-ray  ring  with 
frequencies  of  2  Hz  and  100  Hz  were  successful  and  showed 
rather  good  performance  of  the  device  [1].  Further 
improvements  in  vertical  magnetic  field  are  possible  with  the 
help  of  an  additional  set  of  trim  magnets.  This  system  is 
under  construction  now  and  will  be  incorporated  into  the 
BMW  later. 

IX.  ACKNOWLEDGMENTS 

Work  performed  under  contracts  W-31-109-BNG-38  and 
DBAC-02-76-CH-00016  of  the  U.S.  Department  of  Energy. 

IX.  REFERENCES 

1.  E.  Gluskin  et  al.  "The  Elliptical  Multipole  Wiggler 
Project,"  This  conference 

2.  O.  D.  Despe,  "Arbitrary  Function  Generator  for  APS 
Injector  Synchrotron  Correction  Magnets,"  PAC-1991,  San- 
Francisco 

3.  D.  Frachon,  I.  Vasserman,  P.  M.  Ivanov,  E.  A.  Medvedko, 
E.  Gluskin,  N.  A.  Vinokurov.  "Magnetic  Measurements  of 
the  Elliptical  Multipole  Wiggler  Prototype,"  ANL/APS/TB- 
22,  March  1995  (unpublished) 


1431 


STATUS  OF  ELETTRA  INSERTION  DEVICES 


R.  P.  Walker,  R.  Bracco,  A.  Codutti,  B.  Diviacco,  D.  Millo  and  D.  Zangrando 
Sincrotrone  Trieste,  Padriciano  99,  34012  Trieste,  Italy 


The  design,  construction  and  testing  of  the  fourth 
ELETTRA  insertion  device,  undulator  U8.0,  is  described  and 
some  details  are  given  of  recent  developments  of  a  "phase 
shimming”  technique  and  of  a  new  ’’moving  wire"  system  for 
insertion  device  integrated  field  measurements. 

L  INTRODUCTION 

The  ELETTRA  storage  ring  will  shortly  contain  four 
insertion  devices,  three  pure  permanent  magnet  undulators  (U) 
and  one  hybrid  multipole  wiggler  (W).  The  main  parameters 
of  the  devices  are  summarized  in  Table  1.  The  first  three 
devices  are  each  composed  of  3  separate  sections,  with  a  total 
length  of  approximately  4.5  m,  and  the  values  in  the  table  refer 
to  the  present  minimum  operational  gap  in  the  storage  ring. 
The  latest  device  (U8.0)  consists  of  a  single  section  which  will 
be  installed  at  the  beginning  of  May  this  year. 

Table  1.  Main  parameters  of  the  ELETTRA  Insertion  Devices; 
the  number  following  UAV  indicates  the  period  length  in  cm. 
N  =  number  of  periods. 


ID 

N 

Gap  (mm) 

K 

U12.5 

36 

28.0 

0.506 

5.91 

U5.6 

81 

27.0 

0.444 

2.34 

W14.0 

10 

26.0 

1.30 

17.0 

U8.0 

19 

25.0 

0.713 

5.33 

The  construction  of  the  first  three  devices  have  been 
reported  previously  [1,2,3]  and  the  initial  operation  in 
ELETTRA  has  been  described  in  ref.  [4]. 

11.  UNDULATOR  U8.0 

Undulator  U8.0  was  designed  to  cover  a  very  wide  photon 
energy  range  from  250  eV  to  8  keV,  with  operation  at  2  GeV. 
Below  about  2  keV  the  device  operates  in  an  undulator  mode, 
(variable  gap)  and  above  2  keV  in  a  wiggler  mode  (fixed 
minimum  gap).  The  parameters  were  optimized  for  the  final 
vacuum  vessel  which  will  permit  a  minimum  gap  of  20  mm;  in 
an  initial  phase  the  minimum  gap  will  be  25  mm.  A  period 
length  of  8  cm  was  selected  as  a  compromise  between  the 
conflicting  requirements  to  optimize  the  undulator  (short 
period  length)  and  wiggler  (long  period  length  in  order  to 
maximize  the  field  amplitude)  modes.  A  standard  pure 
permanent  magnet  arrangement  of  4  blocks  per  period  with  40 
mm  block  height  was  used.  A  block  width  of  100  mm  was 
chosen  to  obtain  a  field  roll-off  at  minimum  gap  given  by  kj^k 
<0.1,  where  =  (l-kjc^x^/2)cos(kz).  The  mechanical  design 
of  the  magnetic  arrays  is  the  same  as  used  for  the  U5.6  device 
[2]  :  blocks  are  clamped  into  individual  holders,  which  are 


assembled  onto  0.5  m  long  baseplates,  which  are  then 
mounted  on  the  1.5  m  I-beams  of  the  standard  support 
structures. 

NdFeB  permanent  magnet  blocks  were  obtained  from 
Outokumpu  magnets  (NEOREM  450i),  with  an  average 
measured  magnetization  of  1.17  T  and  minimum  intrinsic 
coercive  force  of  1400  kA/m.  The  estimated  remanent  field, 
taking  into  account  the  average  working  points  of  the  different 
block  types,  is  1.19  T.  The  blocks  were  passivated  and  oiled  to 
prevent  corrosion.  Each  block  has  been  measured  in  detail  in 
the  two  possible  orientations  that  were  allowed  for  assembly 
using  a  small  Hall  plate  bench  dedicated  to  block 
measurements.  Both  transverse  field  components  were 
measured  at  a  grid  of  points,  81  points  in  z  over  ±  2  period 
lengths  and  13  points  in  x  over  ±  60  mm;  the  vertical  height 
(y)  corresponded  to  the  future  minimum  gap  of  20  mm.  About 
15  minutes  were  required  for  each  block  and  about  3  weeks  to 
measure  all  190  blocks.  A  reference  block  was  measured  each 
day  in  order  to  guarantee  that  there  were  no  changes  in 
conditions  during  the  measurement  period. 

Data  from  the  measurements  were  used  in  a  "simulated 
annealing"  program  to  optimize  the  block  configuration,  based 
on  linear  superposition  of  the  fields  of  different  blocks.  The 
cost  function  to  be  minimized  included  the  following  terms  : 
first  and  second  field  integrals  of  both  field  components  at  all 
X  positions  within  ±  60  mm,  r.m.s.  phase  error  and  trajectory 
straightness  separately  for  the  top  and  bottom  arrays  [5]. 


X  (mm) 


X  (mm) 


Figure  1.  First  (Ij)  and  second  (I2)  field  integrals  for  U8.0,  at 
20  mm  (circles),  30  mm  (squares)  and  50  mm  (triangles)  gap, 
horizontal  (dashed)  and  vertical  (solid)  planes. 

Measurements  after  assembly  confirmed  the  accuracy  of 
the  block  measurements  and  sorting  procedure  :  the  variation 
of  horizontal  (x)  and  vertical  (y)  first  and  second  field 
integrals  with  transverse  position  (x)  were  within  the  specified 
±  1  Gm  and  ±  2.5  Gm^  within  ±  25  mm,  as  shown  in  fig.  1 
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The  r.m.s.  phase  error  was  also  acceptable  :  2.7^  at  minimum 
(20  mm)  gap,  3.0^  at  30  mm  and  3.3^  at  50  mm. 

III.  PHASE  SHIMMING 

Further  significant  improvement  of  the  quality  of  the 
undulator,  and  hence  of  the  radiation  output,  have  been  made 
using  a  new  technique  of  ’'phase  shimming"  [6],  Previously 
shimming  has  been  applied  in  such  a  way  to  optimize 
simultaneously  both  field  integral  and  phase  error  performance 
[5].  The  new  method  consists  of  a  separate  correction  of  the 
phase  errors,  leaving  the  field  integrals  unchanged.  With  this 
method  we  have  succeeded  in  reducing  the  phase  error  to  the 
level  of  1  degree.  Such  a  value  leads  to  essentially  ideal 
performance  up  to  very  high  harmonic  numbers  :  on  average,  a 
rms  error  of  1^  gives  an  intensity  (on-axis  angular  flux 
density,  for  zero  emittance  and  energy  spread)  of  80%  (50%) 
of  the  ideal  intensity  for  the  27th  (47th)  harmonic  respectively 
[7]. 


-800  -400  0  400  800 
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Figure  2.  Radiation  phase  errors  at  minimum  gap,  before 
(dashed)  and  after  (solid)  phase  shimming  for  U8.0. 

Figure  2  shows  the  phase  errors  at  each  pole  of  U8.0 
before  and  after  shimming  and  figure  3  shows  the 
corresponding  calculated  on-axis  spectra.  The  intensities  for 
an  ideal  undulator  (analytic  formula)  are  as  indicated.  The 
improvement  in  phase  error  and  the  significant  increase  in  the 
intensity  of  the  higher  harmonics  in  the  radiation  spectrum  are 
quite  evident. 

Table  2.  Final  magnetic  measurement  results  for  U8.0 


Gap  (mm) 

20.0 

30.0 

50.0 

B„cr) 

0.895 

0.608 

0.276 

K 

6.7 

4.5 

2.1 

os  (%) 

0.24 

0.17 

0.19 

q«i>  (deg  ) _ 

0.6 

0.9 

1.7 

Table  2  summarizes  the  main  results  of  the  magnetic 
measurements  obtained  after  shimming.  Some  increase  in 
phase  error  is  observed  at  larger  gap,  however  in  this  situation 
high  harmonic  numbers  are  unlikely  to  be  used. 


Figure  4  shows  the  calculated  electron  trajectories,  that 
remain  essentially  unchanged  by  the  phase  shimming. 


N 

TJ 

cd 


Photon  Energy  (eV) 


Figure  3.  Calculated  on-axis  spectrum  at  minimum  gap,  before 
(upper)  and  after  (lower)  phase  shimming  for  U8.0.  The 
intensities  of  an  ideal  undulator  are  as  indicated. 


Figure  4.  Calculated  electron  trajectories  for  U8.0  at  various 
gaps. 
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To  verify  the  general  applicability  of  the  phase  shimming 
technique,  further  tests  have  been  carried  out  using  the 
prototype  5.6  cm  device  constructed  in  1992.  In  this  case  it 
proved  possible  to  reduce  the  rms  phase  error  from  an  initial 
3.7^  to  0.8^  at  minimum  gap  without  affecting  significantly 
the  multipole  terms,  thus  giving  us  confidence  that  similarly 
good  results  can  be  obtained  for  future  devices.  Full  details  of 
the  technique  will  be  published  in  a  forthcoming  report  [8]. 

IV.  MOVING-WIRE  METHOD  FOR  INSERTION 
DEVICE  INTEGRATED  FIELD 
MEASUREMENTS 

A  new  method  of  measuring  both  first  and  second  field 
integral  distributions  and  integrated  multipole  errors  has 
recently  been  implemented.  The  previous  technique  was  a 
flipping  coil  method,  using  a  coil  made  from  stretched 
multistrand  Litz  wire  [9,10].  Such  a  technique  yields  values  of 
lx  and  as  a  function  of  transverse  position  (usually,  the 
horizontd,  x).  In  the  new  method  only  a  single  side  of  the  coil 
passes  inside  the  magnet,  the  return  being  static  and  outside 
the  magnet.  The  wire  is  translated  in  x  or  y  to  yield  individual 
measurements  of  1^  and  lx  respectively  at  a  given  point.  The 
advantages  of  this  method  for  first  integral  measurements  are 
that  it  eliminates  the  sensitivity  of  the  flipping  coil  output  to 
variations  in  coil  width,  and  allows  a  variable  integration  step 
(equivalent  to  the  coil  width)  to  be  used.  It  also  allows  a 
simple  measurement  of  the  second  field  integrals,  by 
translating  the  two  ends  of  the  wire  in  opposite  directions. 
Further,  by  making  the  wire  follow  a  circuit  path,  the 
multipole  terms  can  be  obtained  directly  from  a  Fourier 
analysis  of  the  integrated  voltage  as  a  function  of  angle.  In  this 
way  the  uncertainties  involved  in  determining  the  multipole 
terms  from  flipping  coil  data,  that  result  from  making  a 
polynomial  fit  to  the  Ij^W  and  Iy(x)  distributions,  as  well  as 
the  smoothing  effect  of  a  finite  coil  width,  are  eliminated. 

In  the  present  case  with  a  40-tum  coil  and  using  a 
Schlumberger  7061  Voltmeter  as  an  integrator,  the 
reproducibility  (rms)  of  the  first  and  second  field  integral 
measurements  is  0.02  G  m  and  0.01  G  m^  respectively  for  a 
wire  translation  of  10  mm. 

For  the  multipole  measurement,  a  radius  of  10  mm  is  used 
as  standard,  reduced  to  8  mm  at  the  minimum  20  mm  gap, 
with  16  measurements  per  360^.  The  reproducibility  of  the 
single  measurement  in  this  case  (worst  case  rms  deviation  for 
a  series  of  10  measurements  at  various  gaps)  is  1.8  G  cm,  3  G, 
4  G/cm,  and  6  G/cm^  for  the  dipole,  quadrupole,  sextupole 
and  octupole  terms  respectively.  An  improvement  in  accuracy 
can  of  course  be  achieved  by  averaging  over  a  series  of 
measurements.  The  method  is  therefore  sufficiently  accurate 
to  be  used  as  a  direct  means  of  determining  the  multipole 
terms  even  in  the  case  of  the  most  stringent  tolerance  limits. 

Table  3  summarizes  the  results  of  the  multipole 
measurements  of  undulator  U8.0  made  with  the  new  system. 
The  results  presented  are  the  maximum  absolute  values  of  the 
normal  (B„)  and  skew  (A^j)  multipole  coefficients  from  dipole 
(n=l)  to  octupole  (n=4)  between  20  mm  and  100  mm  gap.  As 


mentioned  earlier,  the  device  is  within  the  specified  limits  as 
regards  the  first  and  second  field  integral  distribution,  whereas 
limits  were  not  set  for  the  individual  multipole  terms.  The 
normal  quadrupole  term  is  the  largest  error,  at  minimum  gap, 
however  the  maximum  tune  shift  introduced  (in  the  horizontal 
plane)  is  negligible  (-  5-10“^). 

Table  3.  Maximum  multipole  coefficients  for  undulator  U8.0. 


n 

An 

Bn 

units 

1 

63. 

47. 

Gem 

2 

30. 

70. 

G 

3 

20. 

45. 

G/cm 

4 

<10 

<10 

G/cw? 

V.  FUTURE  PLANS 


The  first  four  insertion  devices  have  been  installed  with  a 
vacuum  chamber  that  permits  a  nominal  25  mm  magnetic  gap 
(20  mm  internal),  which  is  sufficient  to  give  acceptable 
performance  only  in  the  case  of  U12.5  and  possibly  also  the 
U5.6  device.  A  first  chamber  permitting  a  reduced  gap  of  20 
mm  (15  mm  internal)  is  presently  under  construction  and  will 
be  installed  this  Summer,  replacing  the  existing  wiggler 
vessel,  thereby  allowing  the  design  field  of  1.6  T  to  be 
reached.  The  spare  vessel  will  be  used  for  the  5th  device,  a 
second  4.5  m  U12.5  undulator  that  is  presently  under 
construction. 

It  is  hoped  that  the  sixth  ID  to  be  approved  for 
construction  will  be  an  electromagnetic  elliptical  wiggler. 
Development  of  a  prototype  mini-gap  undulator  is  also  being 
considered. 
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EXPECTED  RADIATION  SPECTRA  OF  A  30-M  LONG  UNDULATOR 

IN  SPRING-8 

M.  Takao  and  Y.  Miyahara,  SPring-8,  Kamigori,  Ako-gun,  Hyogo  678-12,  Japan 


I.  INTRODUCTION 

In  addition  to  44  straight  sections  of  5  m  long,  SPring-8  stor¬ 
age  ring  comprises  four  long  straight  sections  of  length  30  m. 
These  sections  are  prepared  for  insertion  devices  and  highly  bril¬ 
liant  quasi-monochromatic  photon  source  is  available  for  exper¬ 
iments  in  hard  X-ray  region.  In  a  sinq)le  minded  expectation, 
the  brilliance  of  the  undulator  radiation  is  proportional  to  the 
square  of  the  number  of  the  undulator  period.  So  that  we  expect 
a  60  times  higher  brilliance  from  a  30  m  long  undulator  com¬ 
pared  with  a  4  m  long  undulator.  According  to  a  numerical  cal¬ 
culation,  however,  it  turn  out  that  the  brilliance  is  not  so  high  as 
expected.  This  is  because  the  brilliance  is  closely  related  to  the 
emittance  of  the  electron  beam. 

In  this  note  we  study  the  spectral  properties  of  the  synchrotron 
radiation  from  a  30  m  long  undulator.  The  decreasing  rate  of  the 
peak  intensity  of  30  m  long  undulator  in  terms  of  broadening  of 
spectral  band  width  by  the  electron  beam  emittance  is  larger  than 
that  of  4  m.  To  see  this  fact,  we  investigate  the  dependence  of 
radiation  intensity  on  the  electron  bean  emittance.  In  addition, 
the  dependence  on  the  transverse  emittance  coupling,  i.e.  the 
shape  of  the  electron  beam,  is  also  studied. 

The  spectral  formula  used  in  the  above  investigation  is  de¬ 
rived  by  means  of  the  far  field  approximation.  Since  in  the 
present  case  the  undulator  is  relatively  long  compared  to  the  ob¬ 
serving  distance,  we  estimate  the  near  field  effect  in  the  radia¬ 
tion  intensity. 

II.  SPECTRAL  PROPERTIES  OF  RADIATION 
FROM  30  M  LONG  UNDULATOR 

A,  Spectrum  of  30  m  long  undulator 

In  calculating  the  radiation  from  30  m  long  undulator,  elec¬ 
tron  beam  parameters  are  assumed  to  be  the  design  values  of  the 
storage  ring,  which  are  listed  Table  I, 

Table  I 

Storage  ring  parameters 


Beam  energy  8  GeV 

Beam  current  100  mA 

Total  emittance  6.89  nm  rad 

Transverse  emittance  coupling  10  % 
Horizontal  beta  function  17.5  m 

Vertical  beta  function  _ 19.5  m 


We  also  assume  the  long  planer  undulator  to  be  a  idealized 
one  with  the  reasonable  parameters  given  in  Table  II. 

The  spectral  formula  of  the  radiation  from  a  single  electron 
in  a  planer  undulator  is  well-known  [1],  [2],  [3].  In  order  to 
incorporate  the  effect  of  finite  size  and  divergence  of  electron 


Table  II 

Undulator  parameters 

Period  length  3  cm 

Number  of  periods  1 000 

X-parameter _ 1 


Figure  1 .  Each  straight  line  corresponds  to  a  mean  trajectory  of 
an  electron  in  an  undulator.  The  outer  dotted  curves  indicate  the 
envelope. 

beam  into  the  spectral  formula,  we  make  convolution  of  spectral 
formula  with  electron  distribution  [4]. 

Since  a  mean  trajectory  of  an  electron  in  an  undulator  is  a 
straight  line,  an  electron  beam  is  described  by  a  gathering  of 
straight  lines  (see  Fig.  1).  Giving  a  transverse  position  {xo,yo) 
and  a  divergence  {xq,  yo)  of  an  electron  at  some  location  in  an 
undulator,  we  can  designate  the  mean  trajectory.  The  distribu¬ 
tions  of  electron  positions  and  divergences  are  determined  by 
the  emittance  and  the  Twiss  parameters.  In  usual  we  place  a 
waist  of  a  beam  envelope  on  the  center  of  an  undulator  so  that 
the  Twiss  parameters  in  the  undulator  are  described  by  the  beta 
functions  at  the  center  of  the  undulator  and  fiyo.  Hence  the 
distributions  of  electron  trajectories  in  an  undulator  are  given  by 
the  transverse  emittances  and  the  beta  functions  and  pyo. 

Figure  2  shows  the  angular  flux  density  of  the  synchrotron 
radiation  from  the  30  m  long  undulator  at  an  observing  distance 
50  m  from  the  center  of  the  undulator.  To  compare  the  spectrum 
with  that  of  4  m  long  undulator,  we  show  its  angular  flux  density 
in  Fig.  3. 

The  peak  value  of  the  fundamental  mode  of  30  m  undulator 
is  only  about  ten  times  larger  than  that  of  4  m  one,  which  is 
expected  to  be  56.5  (=  1000^/133^)  times  larger  in  case  of  a 
single  electron.  This  is  supposed  to  be  caused  by  the  broadening 
effect  of  spectral  band  width  due  to  transverse  spread  of  electron 
beam.  To  see  this  fact,  we  investigate  the  dependence  of  the 
intensity  spectrum  of  the  undulator  radiations  on  the  transverse 
emittance. 
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Figure  2.  An  expected  radiation  spectrum  from  the  30  m  long 
undulator  up  to  the  third  harmonics. 
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Figure  3.  An  expected  radiation  spectrum  from  the  4  m  long 
undulator  up  to  the  third  harmonics. 
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Figure  4.  Effect  of  an  electron  beam  emittance  on  the  peak 
intensity  of  fundamental  undulator  radiation.  The  emittance  is 
normalized  by  the  design  value.  The  solid  line  indicates  the 
radiation  from  30  m  long  undulator  and  the  dashed  line  that  from 
4  m. 
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B,  Dependence  on  transverse  emittance 

Figure  4  shows  the  emittance  dependence  of  the  peak  radia¬ 
tion  intensities  of  4  and  30  m  long  undulators.  We  see  that  at  a 
low  emittance  the  intensity  ratio  is  56  as  expected  and  that  the 
intensity  of  the  radiation  from  30  m  long  undulator  decreases 
more  rapidly  than  that  from  4  m.  This  is  approximately  ex¬ 
plained  as  follows. 

At  a  sufficiently  low  emittance,  the  broadening  effect  due  to 
emittance  is  invisible  and  then  the  peak  of  the  radiation  inten¬ 
sity  scarcely  changes.  On  the  other  hand,  at  a  large  emittance 
the  band  width  of  the  radiation  spectrum  is  proportional  to  the 
electron  emittance.  The  critical  value  of  the  emittance  is  deter¬ 
mined  by  the  band  width  of  radiation  spectrum  from  a  single 
electron.  Since  the  band  width  of  the  radiation  spectrum  of  a 
single  electron  is  inversely  proportional  to  number  of  undula¬ 
tor  periods,  the  longer  the  undulator  is,  the  smaller  the  critical 
value  becomes.  Hence,  the  decreasing  rate  of  the  peak  intensity 
is  larger  for  a  longer  undulator. 

For  the  purpose  of  utilizing  the  long  straight  section  effi¬ 
ciently,  it  is  preferable  to  achieve  an  electron  beam  with  lower 
emittance. 


Figure  5.  Effect  of  the  transverse  emittance  coupling  on  the 
peak  intensity  of  fundamental  undulator  radiation.  The  solid  line 
indicates  the  radiation  from  30  m  long  undulator  and  the  dashed 
line  that  from  4  m. 

C.  Dependence  on  the  coupling  of  transverse  emittances 

In  the  previous  subsection,  we  saw  that  the  finite  emittance 
significantly  reduces  the  intensity  spectrum  of  undulator  radia¬ 
tion.  Now  we  investigate  the  effect  of  the  electron  beam  shape, 
i.e.  the  transverse  emittance  coupling,  on  the  spectrum  of  undu¬ 
lator  radiation.  In  Fig.  5  we  plot  the  peak  intensity  of  the  first 
harmonic  radiation  versus  the  coupling  constant  of  horizontal 
and  vertical  betatron  oscillations.  Figure  5  shows  that  the  peak 
intensity  of  flat  electron  beam  is  larger  than  that  of  round  elec¬ 
tron  beam. 

As  shown  in  the  previous  subsection,  the  smaller  the  emit¬ 
tance  is,  the  larger  the  peak  value  of  the  intensity  spectrum  is. 
If  one  makes  the  electron  beam  flat  with  keeping  the  total  emit¬ 
tance,  the  horizontal  emittance  increases  while  the  vertical  one 
decreases.  The  increment  of  the  peak  intensity  due  to  lowering 
the  vertical  emittance  overcomes  the  decrement  owing  to  height- 
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ening  the  horizontal  emittance.  Hence  the  flatter  beam  radiates 
the  photon  flux  with  the  stronger  peak  intensity. 

D.  Near  field  effect 

In  the  above  investigation  we  used  the  far  field  approximation, 
where  we  assume  the  observing  distance  to  be  sufficiently  large 
compared  to  the  undulator  length.  If  the  observer  is  located  at 
a  finite  distance  from  the  center  of  the  undulator,  the  observa¬ 
tion  angle  varies  as  the  electron  travels  from  the  entrance  of  the 
undulator  to  the  exit  (see  Fig.  6).  The  change  of  the  observa¬ 
tion  angle  gives  rise  to  an  additional  phase  difference  to  the  far 
field  approximation.  In  the  case  of  the  observing  distance  com¬ 
parable  to  the  undulator  length,  the  near  field  effect  should  be 
included  into  the  radiation  with  a  large  angle  between  the  obser¬ 
vation  direction  and  the  electron  mean  trajectory. 

Since  electron  beam  has  a  finite  divergence,  some  electron 
trajectory  possesses  a  large  angle  to  the  observation  direction. 
In  the  case  of  30  m  long  undulator  the  length  is  relatively  large 
compared  to  the  observation  distance,  so  that  we  investigate  the 
near  field  effect  on  the  undulator  radiation  of  an  electron  beam 
with  finite  emittance.  Fig.  7  shows  the  angular  flux  density  at  an 
observation  distance  50  m,  where  the  solid  curve  indicates  the 
far  field  approximation  and  the  circles  correspond  to  the  inten¬ 
sity  with  including  near  field  effect.  The  spectrum  shows  that  at 
an  observation  distance  50  m  the  near  field  effect  is  negligible. 

Although  the  near  field  effect  is  remarkable  at  a  neighborhood 
of  the  undulator  exit,  we  can  ignore  the  effect  at  a  practical  ob¬ 
serving  distance. 


Figure  7.  Spectral  intensity  observed  at  a  distance  50  m.  The 
solid  line  corresponds  to  the  far  field  approximation  and  the  cir¬ 
cles  indicate  the  intensity  including  the  near  field  effect. 


[3]  S.  Krinsky,  M.L.  Perlman  and  R.E.  Watson,  ’’Character¬ 
istics  of  Synchrotron  Radiation  and  of  Its  Sources”,  in 
’’Handbook  on  Synchrotron  Radiation”  ed.  E.-E.  Koch 
(North-Holland  Publishing  Company,  Amsterdam,  1983), 
p.65. 

[4]  H.  Rarback,  C.  Jacobsen,  J.  Kirz  and  I.  McNulty,  Nucl. 
Instr.  and  Meth.  A266  (1988)  96. 

[5]  R.P.  Walker,  Nucl.  Instr.  and  Meth.  A267  (1988)  537 . 


III.  CONCLUSIONS 

In  this  note  we  have  studied  the  spectral  properties  of  30  m 
long  undulator  in  SPring-8.  The  investigation  of  the  dependence 
of  the  radiation  intensity  on  the  electron  beam  emittance  shows 
that  low  emittance  is  preferable  for  the  long  undulator.  It  is 
also  shown  that  peak  intensity  radiated  by  flat  electron  beam  is 
stronger  than  that  from  round  one.  Although  the  the  length  30 
m  of  the  undulator  is  relatively  long,  the  near  field  effect  can  be 
ignored  for  our  practical  observing  distance  about  50  m. 
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Abstract 

Recently  two  of  the  present  authors  (S.H.  andS.  S.)  introduced 
the  concept  of  a  new  class  of  undulators,  a  quasi-periodic  array 
of  magnet  poles,  to  discriminate  the  rational  higher  harmonics  of 
radiation  that  are  harmful  in  some  synchrotron  experiments.  In 
this  paper  the  analytical  formula  of  Ae  radiation  spectrum  from 
the  quasi-periodic  undulator  is  reported. 


I.  Introduction 

of 

pole  interferes  with  each  other,  producing  enhanced  emission  at 
a  fundamental  frequency  and  its  harmonics.  Since  a  mixture  of 
the  harmonics  degrades  the  ratio  of  signal  to  noise  in  many  ex¬ 
periments,  the  higher  harmonics  are  required  to  be  eliminated. 
In  the  high  energy  region  of  x-rays  above  30  keV,  however,  it  is 
practically  difficult  to  exclusively  pick  up  the  fundamental  radi¬ 
ation.  Hashimoto  and  Sasaki  proposed  a  new  undulator,  which 
comprises  a  quasi-periodic  array  of  magnet  poles  [1],  [2]  and 
will  be  called  ’’Quasi-periodic  undulator”  (hereafter,  referred  to 
as  QPU).  No  rational  higher  harmonics  of  the  fundamental  fre¬ 
quency  are  contained  in  the  radiation  from  the  QPU.  Here  we 
analytically  formulate  the  QPU  radiation  spectrum. 

In  a  normal  planer  periodic  undulator  (PU)  an  electron  moves 
sinusoidally  in  the  horizontal  plane.  It  takes  the  time  Xu/(cfi^) 
ffiat  the  electron  traverses  one  period  of  the  undulator  Xu ,  where 
Pz  is  the  average  longitudinal  velocity.  During  this  rimpi  the 
light  travels  the  distance  L  =  Xu/$z  Jdong  the  undulator  axis, 
so  that  the  light  emitted  by  an  electron  at  a  top  of  the  sinusoidal 
motion  precedes  the  one  emitted  at  the  next  top  by  the  phase 
A(l>  =  2iTcofa>i.  Here  o)  is  the  angular  frequency  of  the  light,  and 
(oi  is  the  resonant  frequency  of  the  undulator  radiation  given  by 
+  K^I2)  with  the  undulator  angular  frequency 
cou  =  'htclXu-  Gathering  the  radiations  from  the  individual 
periods,  one  finds  that  the  intensity  is  proportional  to  [3],  [4],  [5] 


Ordinary  undulators  consist  of  a  periodic  array  of  magnet  poles 
alternating  polarity.  The  radiation  emitted  in  each  magnet 


(1) 


where  N  is  the  number  of  periods  of  the  undulator.  This  implies 
that  the  intensity  of  the  undulator  radiation  is  strengthened  at 
a>  —  ncoi  with  an  integer  n  and  that  the  spectrumhas  the  harmonic 
structure. 

The  explicit  formula  of  the  radiation  spectrum  from  the  PU  is 
well-known  and  expressed  by  infinite  series  of  Bessel  functions 
[6],  [7],  [8].  In  the  next  section  we  briefly  review  the  irrational 
harmonic  structure  of  the  radiation  spectrum  from  a  QPU  and 
give  the  explicit  expression. 

0-7803-3053-6/96/$5.00  ®1996  IEEE 


II.  Radiation  Spectrum  for  a  QPU 

The  mth  quasi-periodic  lattice  point  is  represented  as  [1],  [2], 

[9] 

[tsxi  cc  T 

- —m  +  1  ,  (2) 

1  H- tanor  J 

where  tan  a  is  the  tangent  of  the  inclination  angle  of  a  ID  quasi¬ 
lattice  against  a  2D  square  lattice.  The  symbol  [•  •  •]  represents 
the  greatest  integer  operator.  The  first  term  on  the  right  hand 
side  in  Eq.  (2)  corresponds  to  a  periodic  component  of  spacing 
between  the  lattice  points,  the  second  term  represents  the  con¬ 
stant  translation  of  lattice  points,  which  moves  the  initial  lattice 
point  zo  to  the  origin,  and  as  m  is  increased  the  third  term  quasi- 
periodically  increases  by  (tan  or  - 1)  due  to  the  irrational  nature  of 
tan  Of .  Hence  the  distance  between  any  two  consecutive  positions 
(Zm  ~  Zm-i)  takes  a  value  of  1  or  tan  a,  forming  a  quasi-periodic 
array. 

A  basic  magnetic  structure  for  the  planer  QPU  can  be  realized 
by  aligning  positive  and  negative  magnet  poles  alternately  at  the 
ID  quasi-lattice  points  designated  by  Eq.  (2)  [1],  [2].  From 
the  symmetry  of  the  2D  square  lattice,  where  a  ID  quasi-lattice 
is  embedded,  we  can  restrict  0  <  tana  <  1  without  loss  of 
generality.  Thus  we  denotes  the  two  distances  between  the  quasi¬ 
lattice  points  as  d,  d\=  d/tana  >  d).  To  realize  a  QPU,  the 
length  of  the  magnet  block  w  should  be  shorter  than  the  distance 
d. 

As  in  a  regular  PU  we  here  assume  that  the  magnetic  field 
By{z)  of  the  transverse  QPU  with  N'  poles  has  the  sinusoidal 
dependence 

Byiz)  =  ;[]Bo(-irCosr-(z-2„)l,  (3) 

m=0  ^ 

where  is  the  peak  magnetic  field  and  Zm  (=  d'zm)  the  center  of 
the  mth  magnet  region.  The  function  Cos  (a)  is  here  defined  to 
takecos(a)  for  — 7r/2  <  a  <  7r/2  and  0  otherwise.  The  magnetic 
field  distribution  with  u;  =  rf  is  shown  in  Fig.  1.  For  the  sake  of 
later  convenience  we  here  define  analogue  of  the  wave  number, 
ko  =  n/w,  and  the  undulation  parameter,  K  =  (ePo)/(wocifco), 
in  the  QPU. 

In  estimating  the  phase  interference  in  the  radiation  from  the 
QPU,  we  must  sum  up  the  phase  differences  of  the  individual 
magnet  poles  instead  of  the  periods  in  the  PU.  Then  the  function 
that  contains  the  phase  interference  of  the  QPU  with  N'  magnet 
poles  is 


j  N'-\  r 

=  177 


(Jt) 

—  yZm  —  —  ^rn 

(02 


where 


(4) 


w  2y^coo 
^  1  +  K2  +  (y0o)^' 
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Figure.  1 .  Magnetic  field  distribution  along  the  axis  of  the  quasi- 
periodic  undulator. 


w 

''  2d' l^K^  +  iyOof' 

In  the  exponent  of  Eq.  (4)theterm/;r(ft>/(W2)2m  is  the  counterpart 
of  the  phase  difference  in  the  PU  2inm(colco2),  The  factor  2  in  the 
phase  of  the  PU  reflects  the  fact  that  one  period  of  a  PU  consists 
of  two  magnet  poles.  Since  in  the  free  spaces  between  the  magnet 
regions  the  electron  possesses  the  transverse  velocity,  the  phase 
of  the  electron  against  the  light  delays  while  the  electron  runs 
through  the  free  spaces.  The  second  term  in  the  exponent  of  Eq. 
(4)  containing  t}  corresponds  to  this  phase  delay.  The  index  i  of 
Qt  represents  the  order  of  the  Bessel  expansion  of  the  sinusoidal 
phase  motion  in  the  magnet  regions. 

Since  for  even  i  the  second  term  in  the  exponent  in  Eq.  (4)  is  an 
integer  multiple  of  Ini  and  then  vanishes  in  the  exponentiation, 
the  summation  Qi{(o)  can  be  simplified  as 


m=0 

which  represents  the  Fourier  transform  of  the  quasi-periodic  lat¬ 
tice  except  for  the  additional  term  ?/m.  Following  the  description 
of  the  quasi-crystal  [9],  we  can  derive  the  approximated  expres¬ 
sion  of  Qt  (cu).  For  large  N'  approximation,  iq.  (7)  can  be  easily 
rewritten  as  [9] 


where 


^pq 


2n\  p  +  q 


tan  Of  \  / 1  +  ^ 

1  H-tana//  \  1  -f  tana 


(9) 


2nq  —  (tana  ~  l)kpq. 


(10) 


This  implies  that  bright  peaks  occur  at  the  discrete  values  of  kpq ’s 
where  Xpq's  are  small  and  that  intense  peak  positions  (p,q) 
should  be  associated  with  the  Fibonacci  sequence  [9].  Hence,  in 
general,  there  appears  no  rational  higher  harmonic  in  the  radia¬ 
tion  spectrum  from  the  QPU. 


In  the  case  of  odd  the  summation  Qe(co)  is  reduced  to 


Qt=o66{co)  =  E  (11) 

^  m=0 

which  implies  that  it  corresponds  to  the  Fourier  transform  of 
the  quasi-lattice  with  positive  and  negative  matters,  since  the 
additional  phase  factor  exp(--/7rm)  alternately  changes  the  sign 
as  m  increasing.  Then  the  peak  position  kpq  is  shifted  by  the 
second  term  of  Eq.  (1 1)  from  the  positions  of  f  =  even,  and  given 
by 

,  r  /  tana  \  1  //1-l-tan^a  \ 

(12) 

In  both  the  cases  the  resonant  frequency  of  the  synchrotron  radi¬ 
ation  from  the  QPU  (Opq  is  represented  as 

kn 


N'-l 


(Opq  =  —a>2. 

n 


(13) 


It  is  emphasized  that  the  resonant  frequency  of  the  radiation  from 
QPU  copq  has  the  extra  K  dependence  through  r]  in  kpq  in  addition 
to  through  a>2,  while  the  one  from  a  PU  is  a  simple  integer  multiple 
of  CO\. 

Evaluating  the  radiation  intensity  from  one  magnet  pole,  we 
can  derive  the  explicit  form  of  the  spectrum  formula 


d^I(co) 

dcodQ 


l6n€oc 


yeoCOS<f>oFpg  -  i^Gpq 


+  I yOo  sin tpoFp^  Hpg  (<») ,  (14) 


where,  for  an  odd  mode 


Fpq  ~ 


2k 


pq 


\+K^/2+{yeof 
'(fcp?) 


--C 

<=odd  -  (fcp,  -  £)  ^  , 


COS  ^  ^  kp^  ,  (15) 


Gpq  — 


2k 


pq 


i-hKy2  +  (yeoy 


,  y  sl^\kpq)-^sl-^\kpq)  _  8 

"^{kpq-l) 


cos 


and  for  an  even  mode 


F  = 

rpq  — 


2t 


pq 


l+Ky2^{yeoy 


Gno  = 


2  ^ 


l  +  Ky2  +  iyeof 

<=even  (kpq  ()  J 
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In  the  spectral  formula  (14)  Hpq  {(o/coi)  is  the  structural  function 
given  by 


r  /  \ 

0 

cf 

II 

(19) 

IS  10-2 
VO 

Xpg/2  J  V  ^  / 

InEqs.(15)-(18) 

^  10-4 

II 

d'[l  +  K^/2  +  (ydof] 
nw[l  +  K^  +  {yeo)Y^ 

(20) 

^  10-6 

CO 

s^hx) 

00 

“  ^  ^  Jn  (Sz^)  J2n+£-\-p  i^x^) 

(21) 

1  10-« 

n=— 00 


with 


10-10 


^  _  2Ary^oCOs<^o 

“  TTF^To^’ 

f  = 

'  A[\  +  K^I2  +  (yOof]' 

In  the  form  factors  (15)-(18)  the  terms  B  and  C,  given  by 


(22) 

(23) 


Frequency  ((0/0)2) 

Figure.  2.  Radiation  spectra  from  the  quasi-periodic  undulator 
with  AT  =  1,0.  The  solid  curve  indicates  the  numerically  com¬ 
puted  spectrum  and  the  dots  correspond  to  the  peaks  given  by 
the  analytical  formula. 


B 

C 


_ 1  +  +  {yOo? _ 

[1  +  ^:2  +  {yOoft  +  {2KYeQ  cos(l>of  ’ 
IKyOo  COS  (l>o 

[i+K^  +  (ydoff  +  (2Kyeo  cos  .^o)^  ’ 


(24) 

(25) 


are  understood  as  the  contributions  from  the  radiation  in  the  free 
spaces  between  the  magnet  poles  in  the  QPU. 


III.  Concluding  Remarks 

We  derived  the  analytical  formula  of  the  radiation  from  the 
QPU  (14)  under  the  assumption  that  the  magnetic  field  is  given 
byEq.  (3). 

It  is  worth  emphasizing  that  the  intensity  of  the  even  modes 
vanishes  on  axis  as  seen  in  the  case  of  the  PU.  This  is  because 
Gpq,  consisting  of  for  even  i  and  C,  vanishes  on  axis 
(^0  =  0).  Furthermore,  note  that,  although  one  infinite  Bessel 
series  for  some  I  corresponds  to  one  peak  in  the  radiation 
spectrum  of  the  PU,  a  peak  intensity  of  the  QPU  comes  from  all 
the  even  series  or  the  odd  series. 

To  confirm  the  validity  of  the  analytical  formula,  we  compare 
it  with  the  numerical  computation  of  the  radiation  spectrum  from 
a  QPU  with  the  magnetic  field  given  by  Eq.  (3).  Figure.  2  shows 
the  radiation  spectra  of  the  QPU  with  AT  =  1.0  given  by  the 
numerical  and  the  analytical  calculations.  Here  we  take  w  =  d 
and  tana  =  l/VS.  In  the  numerical  calculation  we  assume  the 
number  of  poles  to  be  100.  The  full  circles  in  Figure.  2  represent 
the  bright  peaks  of  the  spectrum  designated  by  the  generalized 
Fibonacci  integers.  Thus  one  is  convinced  that  the  analytical 
formula  for  the  radiation  from  the  QPU  correctly  gives  the  peak 
position  in  the  spectrum  and  the  peak  intensity. 
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Abstract 

Linac-driven  X-Ray  Free  Electron  Lasers  (e.g.,  Linac 
Coherent  Light  Sources  (LCLSs)),  operating  on  the  principle 
of  single-pass  saturation  in  the  Self-Amplified  Spontaneous 
Emission  (SASE)  regime  typically  require  multi-GeV  beam 
energies  and  undulator  lengths  in  excess  of  tens  of  meters  to 
attain  sufficient  gain  in  the  lA-O.lA  range.  In  this  parameter 
regime,  the  undulator  structure  must  provide:  1)  field 
amplitudes  Bq  in  excess  of  IT  within  periods  of  4cm  or  less,  2) 
pe^  on-axis  focusing  gradients  on  the  order  of  30T/m,  and  3) 
field  quality  in  the  0.1%-0.3%  range.  In  this  paper  we  report  on 
designs  under  consideration  for  a  4. 5- 1.5  A  LCLS  based  on 
superconducting  (SC),  hybrid/PM,  and  pulsed-Cu  technologies. 

L  INTRODUCTION 

In  recent  years,  a  multi-institutional  study  group  has  been 
considering  the  use  of  a  portion  of  the  3km  S-band  linac  to 
drive  a  4.5- 1.5  A  LCLS  at  the  Stanford  Linear  Accelerator 
Center  (SLAC)  [1].  The  idea  is  to  accelerate  and  compress  a 
low-normalized-emittance  beam  from  a  laser-driven 
photocathode  rf  gun  to  peak  currents  in  the  2.5-7.5  kA  range 
and  emittances  approximating  e<  XI  An  (where  A  is  the  output 
wavelength),  and  then  induce  gain  saturation  by  passing  the 
beam  through  a  sufficiently  long  undulator  with  superimposed 
strong  focusing.  In  modeling  lasing  performance  at  4.5- 1.5 A, 
undulator  periods  in  the  range  2cm<\<4cm,  K  parameters 
{K  =  0.934 2.5<K<4,  and  quadrupole 
focusing  with  gradients  ranging  from  25-75  T/m,  have  been 
studied  [2].  In  view  of  the  single-pass  mode  of  operation  and 
120  Hz  repetition  rate  of  the  linac,  a  wide  range  of  undulator 
technologies,  a  number  of  which  are  depicted  in  Fig.  1,  can  in 
principle  satisfy  the  given  field  and  period  requirements.  In 
considering  these  technologies,  a  number  of  practical  factors 
must  be  taken  into  account.  These  include:  1)  fabrication  cost 
(proportional  to  length);  2)  operating  cost;  3)  attainable 
field  quality;  4)  tunability;  5)  means  for  implementing  strong 
focusing;  and  6)  stability  in  the  linac  environment. 

In  outlining  a  research  and  development  program  expected 
to  culminate  in  the  construction  of  a  4.5- 1.5  A  LCLS  at  SLAC, 
technologies  that  promise  the  highest  on-axis  undulator  fields 
(viz.,  the  shortest  structures)  and  focusing  gradients  have  been 
emphasized.  Thus,  despite  a  strong  base  of  experience  in 
E&M  (DC)  technology  at  LLNL  [3]  and  a  prior  study  of  pure 
PM  structures  for  a  longer- wavelength  LCLS  [4],  the  r&d 
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TRANSVERSE  UNDULATORS 
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Figure  1.  On-axis  field  performance  of  selected  technologies. 

effort  at  SLAC  is  currently  centered  on  (non-ferric)  SC  [5], 
hybrid/PM  [6],  and  pulsed-Cu  [7]  technologies,  with  a  practical 
emphasis  on  the  first  two.  To  date,  ferric  SC  technology  [8,9] 
has  not  been  pursued  due  to  as-yet-unresolved  methods  for 
attaining  the  desired  focusing.  In  this  paper  we  report  on  the 
following  design  studies  currently  underway  in  the  three  cited 
technologies:  1)  a  bifilar  helical  SC  undulator  [10];  2)  a  new 
hybrid/PM  design  with  monogenic  dipole/focusing  fields[ll]; 
3)  a  weakly-focusing  hybrid/PM  design  with  superimposed 
strong  PM  focusing  [12,13];  and  4)  a  pulsed-Cu  design.  For 
definiteness,  we  restrict  each  design  to  A=1.5  A  and  an 
electron  beam  energy  of  14.3  GeV  (y=  28,000).^ The 
(transverse)  undulator  period  is  then  [cm]  =  24/(1  +  X  /2), 
with  K  K  for  a  helical  structure. 


IL  SC  BIFILAR  HELICAL  DESIGN 

In  the  past  two  decades  high-current-density  accelerator 
magnets  up  to  17  m  long  have  been  built,  achieving  4-10  Tesla 
central  fields  with  error  levels  in  the  10“^  range.  Made  of 
superconducting  NbTi  and  nested  in  a  two-layer  “cosine-theta” 
fashion,  these  electromagnets  employ  “Rutherford”  cable, 
include  a  large  return  iron  yoke,  and  are  restrained  with  a  thick 
structural  shell  [14].  Operating  at  temperatures  between  1.8- 
4.2  K  and  at  currents  of  several  thousand  Amperes,  these 
magnets  attain  a  stored  energy  of  several  tens  of  kJ/m  and 
require  an  insulator  that  can  withstand  several  kV.  With  a 
current-carrying  capacity  of  3000  A/mm^  (at  5  Tesla),  these 
components  require  special  attention  to  ensure  their  safety  in 
the  event  of  a  quench. 

In  contrast,  a  non-ferric  SC  helical  undulator  will  most 
likely  be:  1)  lower-field  (viz.,  2-3  Tesla),  2)  current- 
dominated,  4)  small,  and  5)  self-protecting.  A  single  wire 
strand  will  replace  the  cable  while  maintaining  the  “cosine- 
theta”  configuration.  On  the  other  hand,  since  a  SC  device  can 
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be  current  and  field  limited,  field  non-linearities  that  are 
common  in  helical  magnets  are  likely  to  cause  the  field  at  the 
conductor  to  increase  at  the  expense  of  a  reduced  central 
field.  Keeping  the  non-linearities  as  low  as  possible  will 
require  the  use  of  magnets  whose  ratio  of  circumference  to 
period  is  small  (on  the  order  of  1  or  less),  mitigating  parasitic 
effects  that  can  strongly  alter  the  purity  of  the  dipole  field  [15]. 
An  undulator  with  a  period  of  27  mm  would  consequently 
imply  the  use  of  a  coil  with  a  diameter  <8  mm.  In  a  recent 
conceptual  study  a  single  SSC-type  strand  [16]  has  been  used 
to  structure  a  2-layer  helical  bifilar  magnet  in  a  geometry 
designed  to  minimize  the  sextupole  component  (see  Fig.  2). 
This  (0.72  mm  diameter)  wire  -  with  a  Cu/SC  ratio  of  1.3:1  - 
carries  about  900  A  and  generates  a  central  field  of  2  Tesla. 
Replacing  it  with  an  Artificial  Pinning  Center  (APC)  wire, 
which  has  a  greater  current  carrying  capacity  at  low  fields 
(e.g.,  5000  A/mm^  at  3.5  Tesla),  the  maximum  central  field 
could  be  made  to  approach  2.5  Tesla.. 


Figure  2.  SC  bifilar  winding  design  with  low  field  harmonics. 

With  regard  to  magnet  safety  and  protection,  present 
estimates  are  that  with  a  low  operating  stored  energy  (on  the 
order  of  200  J/m)  [17],  and  with  a  high  current  density  in  the 
copper  (5000  AJmir?),  quench  propagation  may  be  fast  and  the 
magnet  may  dissipate  its  energy  in  about  13  ms  while 
generating  only  several  tens  of  Volts.  To  test  the  self¬ 
protection  of  the  windings  under  these  conditions,  as  well  as  to 
investigate  issues  of  field  quality,  SC  focusing,  charging  time, 
and  specific  quenching  mechanisms,  the  construction  of  a  short 
LCLS  prototype  is  planned  within  the  coming  year. 


III.  HYBRID/PM  SINGLE-STRUCTURE  DESIGN 


midplane  and  nonuniform  pole  thickness  follows  from  a  3-D 
analysis  of  the  ideal  pole  shape  for  the  superposition  of  fields 
from  an  undulator  and  a  quadrupole..  Let  (x,y,Z)  be  the 
horizontal,  vertical,  and  axial  directions.  Define  complex 
variables  w  =  Z  +  /y  and  z-  x-^iy^  The  desired  wiggle  field 
and  focusing  field  are,  respectively,  B*.(w)  =  coskw  and 
Bj^c^z)  =  i2az,  where  and  a  is  a  (focusing- 

strength)  constant.The  corresponding  scalar  potential  in  the  gap 
is  given  by  ysD=y.i,^yfac  =  (Bq  /fc)sinh^coskZ  +  laxy, 
A  contour  along  which  V  is  constant  is  an  equi-scalar  potential 
surface  to  which  the  magnetic  field  is  orthogonal.  Choosing  the 
boundary  of  the  vanadium  permendur  pole,  whose 
permeability  is  effectively  infinite,  to  lie  along  a  constant-V 
contour  specified  by  V  =  /(BQ,2a,  A^,A),  where  h  is  the  half¬ 
gap,  gives  rise  to  the  wiggle  and  focusing  fields  described 
above.  The  equi-scalar  potential  contour  along  the  ideal  pole 
surface  passing  through  the  point  (0,/i,0)  is 
=  (Bq  / /:)sinh^A .  Thus,  the  ideal  pole  contour  lies 
along  the  surface  defined  by 


VsinhWi/  \hJ\gj 


( x\  kh 


1. 


\sinh  khJ 


where  g  ^  Bq  1 2a.  The  complicated  3-D  curved  pole  shape  is 
approximated  by  the  canted,  wedged  pole  having  flat  surfaces 
described  at  the  beginning  of  this  section..  This  practical 
design  has  the  desirable  feature  that  the  PM  material  placed 
between  poles  remains  a  simple  cuboid.  TOSCA  [11]  modeling 
of  the  canted,  wedged,  flat-surfaced  pole  achieves  very  nearly 
the  performance  attained  in  the  ideal  analytical  design. 

Hybrid  technology  is  proven,  and  PM  forces  for  the  LCLS 
design  are  small.  Modular  construction  of  a  55m-long  device  is 
convenient,  possibly  being  in- vacuum.  The  PM  cost  for  1000 
periods,  each  consisting  of  four  1cm  x  3cm  x  3cm  blocks  at 
-$4/cm^  is  only  $144,000.  Alternating  gradient  focusing  can 
be  achieved  by  having  a  ~0.5m-long  focusing  section,  followed 
by  "drift”  and  defocusing  sections.  The  wiggle  field  is  matched 
throughout  the  sections  (see  Fig.  3). 


Top  View 


One  hybrid/PM  LCLS  design  under  study  is  a  novel 
strong-focusing  configuration  featuring  vanadium  permendur 
poles  excited  by  NdFe/B  permanent  magnets,  sections  of 
which  have  poles  that  are  alternately  tilted  in  the  +/-  transverse 
direction  with  respect  to  the  midplane  and  simultaneously 
wedge-shaped,  as  viewed  from  above.  For  example,  such  a 
device  with  a  4  cm  period,  a  0.6  cm  gap  on-center,  a  ±8,6°  tilt, 
and  a  ±10.7°  wedge  could  provide  a  45  T/m  gradient  and  an 
on-axis  field  strength  of  0.97  T;  =>  K=4.  Minimum/maximum 
gap  at  transverse  position  x=±0.66  cm  would  be  0.4/0.8  cm.. 
Pole  thickness  at  x=±0.66  cm  is  1.0±0.25  cm.  The  iron  pole 
pieces  shape  the  field,  affording  better  design  quality  than  is 
possible  with  a  pure  PM  device  at  this  small  gap. 

The  choice  of  simultaneous  pole  tilt  with  respect  to  the 


Figure  3.  Wedged/canted  hybrid/PM  undulator  section. 


IV.  HYBRID/PM  SEPARATED-FUNCTION 
DESIGN 

A  second  hybrid/PM  LCLS  design  utilizes  a  conventional 
array  of  simple  cuboid  poles  and  NdFe/B  magnets  to  generate  a 
weakly-focusing  undulator  field,  with  strong  quadrupole 
focusing  provided  by  superimposed  arrays  of  PM  pieces.  In 
one  version  of  this  design  the  PM  pieces  comprise  simple 
block-pairs  inserted  into  the  gap  from  the  sides  [13];  in  another 
version  the  PM  pieces  are  thin  strips  (1-2  mm)  arranged  into 
planar  quadrupoles  [12]  and  affixed,  along  with  Beam  Position 
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Monitors  (BPMs),  to  the  vacuum  duct,  which  remains 
mechanically  independent  of  the  undulator  structure  [18]. 
Potential  advantages  of  this  approach  include:  1)  easier  lateral 
access  to  the  beam,  2)  higher  attainable  undulator  fields  (1.2- 
1.4  T),  3)  amenability  to  undulator  tuning  with  shunt  plates, 
and  4)  quadrupole  field  tuning  with  mechanical  actuators. 

V.  PULSED-Cu  DESIGN 

Based  on  prior  work  on  pulsed-Cu  undulator  prototypes  at 
LANL  [7,19],  estimates  of  the  operating  parameters  of  a 
pulsed-Cu  LCLS  indicate  that  such  a  design,  in  principle,  could 
be  realized  with  existing  technology.  For  example,  for  a  30m 
structure  operating  at  120  Hz,  a  Pulse  Forming  Network  (PFN) 
would  need  to  generate  120  2|L1s  current  pulses  (with  tops 
sufficiently  flat  over  a  0.2|is  interval)  per  second.  For  a  total 
bifilar  wire  cross  section  of  0.25  cm^  and  a  resistance  of 
0.15  Q,  pulsing  with  a  peak  current  of  50  kA  would  require 
peak  and  average  powers  of  375  MW  and  90  kW,  respectively. 
As  suggested  by  the  cited  research,  prototype  r&d  for  the 
LCLS  would  need  to  focus  on  field  quality  issues  stemming 
from:  1)  impulsive  and  oscillatory  stresses,  2)  longer-term 
(irreversible)  strains,  and  3)  thermal  loading. 

VL  SUMMARY 


A  summation  of  critical  parameters  and  r&d  areas 
associated  with  the  undulator  technologies  described  above  is 
listed  in  Table  1.  Over  the  next  two  years  the  LCLS  program 


Table  1 

sc 

Hybrid/PM 

Pulsed-Cu 

Minimal  Period[cm] 

2 

3 

2 

Sat.  Length  [m] 

30 

55 

30 

Minimal  Gap  [mm] 

6 

6 

6 

K  at  Minimal  Period 

~3.5 

--3.5 

~3.5 

Focusing  Methods 

SC,  PM 

PM,PS“ 

Pulsed,  PM 

AB/B 

-^0.01% 

(in  dipoles) 

-0.2% 

(at  3rd  gn. 
sources) 

>2% 

(attained  at 
LANL) 

Advantages 

Shortest 

Proven 

Technoloev 

Short,  No 
Rad.  Damage 

Potential  Problems  & 

Tolerances 

PM  , 

Field  Quality 

Engineering  Issues 

Quenching 
Rise  Time 

Damage^ 

Mech&Thrm. 

PFN^ 

^Pole  Shaping  [11];  ^Ref.  [20];  ^Pulse  Forming  Network  | 

plans  to  address  these  issues,  either  at  SLAC  or  in 
collaboration  with  laboratories  specializing  in  the  individual 
technologies.  Problems  common  to  all  technologies,  such  as, 
e.g.,  undulator  modularization  [21,22],  field  metrology,  and 
field  and  e-beam  alignment  strategies  will  also  be  addressed. 
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ABSTRACT 

Two  3.4  m  long  wigglers  are  being  designed  and  cons¬ 
tructed  at  Lawrence  Berkeley  Laboratory’s  (LBL) 
Advanced  Light  Source  (ALS).  A  19  period  planar 
wiggler  with  16.0  cm  period  length  is  designed  to  provide 
photons  up  to  12.4  keV  for  protein  crystallography.  This 
device  features  a  hybrid  permanent  magnet  structure  with 
tapered  poles  and  designed  to  achieve  2.0  T  at  a  1.4  cm 
magnetic  gap.  An  elliptical  wiggler  is  being  designed  to 
provide  circularly  polarized  photons  in  the  energy  range  of 
50  eV  to  10  keV  for  magnetic  circular  dichroism  spec¬ 
troscopy.  This  device  features  vertical  and  horizontal 
magnetic  structures  of  14  and  14  V2  periods  respectively  of 
20  cm  period  length.  The  vertical  magnetic  structure  is  a 
2.0  T  hybrid  permanent  magnet  configuration.  The  horizon¬ 
tal  structure  is  an  iron  core  electromagnetic  design,  shifted 
longitudinally  V4  period  with  respect  to  the  vertical 
magnetic  structure.  A  maximum  horizontal  peak  field  of 
0.1  T  at  an  oscillating  frequency  up  to  1  Hz  will  be 
achieved  by  excitation  of  the  horizontal  poles  with  a  trape¬ 
zoidal  current  waveform. 

L  INTRODUCTION 

The  ALS,  a  third  generation  synchrotron  light  source, 
is  now  in  routine  operation  with  three  4.6  m  long  undula- 
tors.  Two  of  these  devices  have  5.0  cm  period  lengths 
(IDA-U5.0  and  IDB-U5.0)  and  the  third  device  has  an 
8.0  cm  period  length  (IDC-U8.0),  which,  at  1.5  GeV  ALS 
operation,  produce  high  brightness  in  the  50  to  1500  eV 
and  15  to  1000  eV  ranges  respectively.[l]  A  fourth  4.6  m 
long  undulator,  with  a  10.0  cm  period  length  (IDG-UIO.O), 
is  nearing  completion  and  is  slated  for  installation  later  this 
year  and  will  produce  high  brightness  radiation,  in  the  5  to 
900  eV  range  when  the  ALS  operates  at  1.5  GeV.  [2] 
Currently,  two  3.4  m  long  wigglers  are  being  designed  and 
constructed.  One  is  a  19  period  planar  wiggler  with 
16.0  cm  period  length  (IDD-W16.0)  designed  to  provide 
photons  up  to  12.4  keV  for  protein  crystallography. [3]  The 
other  is  a  14  period,  20  cm  period  length  cross-field 
elliptical  wiggler  (IDH-EW20.0)  being  designed  to  provide 
circularly  polarized  photons  in  the  energy  range  of  50  eV  to 
10  keV  with  chirality  switching  up  to  1  Hz  for  magnetic 
circular  dichroism  spectroscopy. [4]  The  principal  parame¬ 
ters  for  the  wigglers  are  tabulated  in  Table  I. 

II.  W16.0  WIGGLER 

The  planar  wiggler,  W16.0  Wiggler,  includes  a  mag 


netic  structure,  support/drive  system,  control  system  and 
vacuum  system  and  is  shown  in  Fig.l. 


Table!  Wiggler  Parameters 


Parameter  funits) 

W16.0 

EW20.0 

Min. Vert.  Mag.  Gap  (cm) 

1.4 

1.4 

Horizontal  Magnetic  Gap  (cm) 

7.2 

Peak  Vertical  Field  (T) 

2.0 

2.0 

Peak  Horizontal  Field  (T) 

0.095 

Max.  Hor.  Field  Freq.  ^z) 

1.0 

Period  Length  (cm) 

16.0 

20.0 

No.  of  Periods 

19 

14  V,  14  1/2  H 

Entrance/Exit  Sequence 

0,- 

1/4, 3/4,  -1, 1.. 

Vertical  End  Cor.  Range  (G-cm)  4000 

5000 

MTM  Range  (G-cm) 

+/-  3000 

+/-  3000 

The  variable  gap,  hybrid-permanent  magnet  magnetic 
structure  design  and  construction  are  different  from  those 
of  the  ALS  undulators.  To  achieve  the  2.0  T  peak  field,  the 
design  requires  that  the  vanadium  permendur  poles  be 
tapered  in  the  poletip  region  in  both  the  longitudinal  and 
transverse  directions  to  reduce  saturation.  To  null  the 
dipole  field  integral  through  the  device,  water  cooled  coils 
in  the  end  structures  with  bipolar  power  supplies  are  used. 
To  meet  the  higher  order  field  integral  requirements,  in  the 
1.0  cm  by  6.0  cm  aperture,  block  sorting  to  minimize  the 
effects  of  the  minor  components  is  planned  and  multiple 
trim  magnets  will  be  used  for  final  tuning. [5,6]  The  basic 
building  block  of  the  magnetic  structure  is  the  half-period 
pole  assembly.  This  unit  consists  of  an  aluminum  keeper, 
a  pole  that  is  pinned  in  the  keeper  and  12  Nd-Fe-B  blocks, 
6  on  each  side  of  the  pole,  that  are  bonded  to  both  the  pole 
and  keeper.  The  25  kg  half-period  pole  assemblies,  are 
individually  mounted  on  two  backing  beams  and  the  pole 
surfaces  are  aligned  to  within  25  microns  with  respect  to 
each  other  on  each  backing  beam. 

The  support/drive  system,  which  provides  the  fi*ame- 
work  for  holding  the  magnetic  structures  and  the  drive 
system  that  opens  and  closes  the  vertical  magnetic  structure 
gap,  is  very  similar  to  that  of  the  ALS  undulators,  but 
shorter.  3.5  m  in  length  and  wider,  1.5  m  in  width.  Gap 
motion  is  achieved  with  a  stepper-motor/gear  box/roller 
chain  drive  with  coupled  left-hand  and  right-hand  2  mm 
pitch  Transrol  roller  screws  that  are  attached  to  the  upper 
and  lower  backing  beams.  The  control  system,  a 
Compumotor  system,  is  identical  to  those  used  on  the  ALS 
undulators.  The  vacuum  system  is  also  similar  to  those  of 
the  ALS  undulators,  but  only  3.8  m  in  length. 


*  This  work  was  supported  by  the  Director,  Office  of  Energy  Research,  Office  of  Basic  Energy  Sciences,  Materials  Sciences 
Division,  of  the  U.S.  Department  of  Energy  under  Contract  No.  DE-AC03-76SF00098. 
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Fig.  1  W16.0  Wiggler  end  sectional  and  elevation  views 


Predicted  spectral  output  of  the  W16.0  Wiggler,  when 
inserted  in  the  ALS  operating  at  1.5  and  1.9  GeV  -  400 
mA,  is  shown  in  Figure  2.  Design  of  W16.0  Wiggler  is 
nearly  completed  and  fabrication  is  well  along. 
Completion  is  slated  for  the  end  of  this  year. 

III.  EW20.0  ELLIPTICAL  WIGGLER 

The  mechanical  configuration  of  the  Hybrid- 
Electromagnet  Elliptical  Wiggler  is  shown  in  Fig.  3.  The 
vertical  magnetic  field  is  generated  with  a  variable  gap 
hybrid-permanent  magnetic  structure;  the  horizontal  mag¬ 
netic  field  comes  from  an  iron  core  electromagnetic  struc¬ 
ture.  The  support  structure/drive  and  control  systems  are 
identical  to  the  W16.0  Wiggler.  The  vacuum  chamber 
configuration  features  a  beam  tube  with  multiple  pumping 
ports  that  are  connected  to  a  pumping  chamber. 

The  vertical  magnetic  field  structure  consists  of  a  peri¬ 
odic  structure  with  14  periods.  To  achieve  the  2.0  T  peak 
field,  the  vanadium  permendur  poles  are  tapered  in  both  the 
transverse  and  longitudinal  directions  near  the  pole  tip. 
The  design  requires  that  the  Nd-Fe-B  material  be  retracted 
from  the  midplane  to  allow  the  horizontal  magnetic  field 
structure  to  be  brought  as  close  to  the  vacuum  chamber  as 
possible.  The  entrance  and  exit  vertical  magnetic  structures 
are  configured  so  that  the  central  electron  beam  orbit  is  on- 
axis  for  all  field  values.  To  achieve  this,  the  normalized 
pole  potential  sequence  for  the  entrance/exit  is  0  (field 
clamp),  V4,  -^/4, 1,  -1...  The  appropriate  pole  potentials  are 
achieved  by  modifying  the  amount  of  permanent  magnet 
material  and  adjusting  with  electromagnetic  coils.  Except 
for  period  length  and  pole  configuration,  design  and  con¬ 
struction  of  the  EW20.0  vertical  magnetic  structure  is  very 
similar  to  the  W16,0  Wiggler. 

The  horizontal  magnetic  structure  has  the  same  period 
length  as  the  vertical  magnetic  structure  but  is  longitudi¬ 
nally  phase  shifted  V4  period  relative  to  the  vertical 
magnetic  structure.  The  poles  and  coils  of  the  horizontal 
magnetic  field  structure  are  tucked  between  the  upper  and 


Fig.  2.  Estimated  flux  from  W16.0  Wiggler  at  ALS  storage 
ring  energies  of  1.5  and  1.9  GeV. 


lower  vertical  magnetic  field  structures.  The  magnetic 
field  distribution  includes  14  V2  periods  and  the  ends  are 
modified  to  achieve  the  same  normalized  potential 
structure  as  those  for  the  vertical  field.  At  both  wiggler 
ends,  the  horizontal  structure  extends  V4  period  past  the 
vertical  structure  so  as  to  avoid  linear  polarization 
contamination  of  the  circularly  polarized  photon  beam. 

The  horizontal  structure  cores  are  laminated  from 
0.64  mm  thick  M-36  electrical  steel.  They  are  powered  by 
water  cooled  electrical  coils.  A  system  of  struts  are  used  for 
support  and  adjustment  of  the  horizontal  magnetic 
structure.  Coil  excitation  is  with  a  bipolar,  regulated  power 
supply  that  will  provide  a  trapezoidal  wave  form  for 
frequencies  from  DC  up  to  1  Hz. 

The  elliptical  wiggler  vacuum  chamber  is  a  welded 
stainless  steel  assembly  that  includes  a  beam  chamber,  18 
pumpout  tubes  and  a  pump  tube.  The  beam  chamber 
aperture,  with  internal  dimensions  of  1.0  cm  by  6.1  cm,  is 
adequate  for  dynamic  aperture  requirements.  With  this 
beam  aperture,  a  minimum  vertical  gap  of  1.4  cm  and  a 
horizontal  magnetic  gap  of  7.2  cm  are  achieveable.  The 


1445 


Vacuum  Chamber. 


Horizontal 
Magnetic 
Structure - 


mi 


Vertical 
Magnetic 
Structure 


lli" 

illl" 

nil!) 

IHlMiMMIl 

Ml 

Mi 

MB 

Ill 

■ 

Support  Structure  y  25  5  75 

Fig.  3  Side  sectional  and  elevation  views  of  the  EW20.0  Elliptical  Wiggler 


chamber  has  a  rectangular  water  cooling  channel  on  the 
side  where  the  synchrotron  light  from  the  upstream  bend 
magnet  strikes;  this  reduces  thermal  distortions.  With  ALS 
operation  at  1.9  GeV  and  400  mA,  the  maximum  chamber 
temperature  rise  is  4  C.  To  achieve  good  vacuum,  18  dis¬ 
tributed  pump-out  ports  are  located  along  the  length  of  the 
beam  chamber.  To  further  reduce  photon  induced 
desorbtion,  a  photon  stop  is  located  upstream  of  the 
chamber  to  block  some  of  the  beam  that  would  otherwise 
impinge  on  the  chamber.  The  pump-out  ports  are  con¬ 
nected  to  the  pump  tube  to  which  ion  pumps  and  titanium 
sublimation  pumps  are  attached.  The  pump-out  ports  are 
slotted  to  provide  satisfactory  impedance  to  the  electron 
beam  along  the  length  of  the  beam  chamber.  The  vacuum 
chamber  configuration  and  planned  pumping  should 
provide  an  average  gas  pressure  of  less  than  10  Torr  after 
40  A  hr  of  beam  operation  in  the  ALS. 


Fig.  4  Polarization  figure  of  merit  for  the  EW20.0 
Elliptical  Wiggler 


Supporting  and  adjusting  the  vacuum  chamber  in  the 
elliptical  wiggler  is  accomplished  with  a  system  of  struts. 
This  arrangement  allows  the  chamber-pumptube  assembly 
to  be  lowered  in  the  wiggler  and  then  removed  from  the 
device  for  UHV  processing  after  completion  of  the 
magnetic  measurements. 

Spectral  calculations,  shown  in  Fig.  4,  indicate 
that  the  device  will  produce  a  figure  of  merit,  defined  as 
flux  times  degree  of  circular  polarization  squared,  of 
greater  than  10^^  photons/sec/0. 1%  BW  at  photon  energies 
up  to  5  keV  and  greater  than  10^^  photons/sec/0. 1%  BW 
for  photon  energies  between  5-10  keV,  for  a  5  mrad  hori¬ 
zontal  fan  with  the  ALS  operating  at  1.5  GeV  and 
400  mA.[7]  Status  of  the  elliptical  wiggler  is  that  the 
conceptual  design  is  complete  and  design  and  fabrication 
has  started.  The  project  is  currently  on  hold. 
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Design  of  End  Magnetic  Structures  for  the  Advanced  Light  Source  Wigglers* 
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The  vertical  magnetic  structures  for  the  Advanced  Light 
Source  16  cm  planar  wiggler  and  20  cm  period  elliptical 
wiggler  are  of  hybrid  permanent  magnet  design.  The  ends  of 
these  structures  are  characterized  by  diminishing  scalar  potential 
distributions  of  the  poles  which  control  beam  trajectories.  They 
incorporate  electromagnetic  correction  coils  to  dynamically 
correct  for  variations  in  the  first  integral  of  the  feld  as  a 
function  of  gap.  A  permanent  magnet  trim  mechanism  is 
incorporated  to  minimize  the  transverse  integrated  error  field 
distribution.  The  ends  were  designed  using  analytic  and 
computer  modeling  techniques.  The  design  and  modeling  results 
are  presented. 

L  INTRODUCTION 

Previous  ALS  undulators  [1]  incorporated  rotatable 
permanent  magnet  tuning  elements  to  adjust  the  integral  of 
the  By  fields  produced  by  the  end  magnetic  structures.  These 
correctors  were  adjusted  and  locked  in  a  fixed  setting.  Gap 
dependency  of  integral  By  for  these  devices  is  compensated  for 
by  external  corrector  magnets. 

The  current  ALS  wigglers  [2]  have  been  designed  with 
electromagnetic  end  coils  which  can  be  dynamically  tuned  to 
compensate  for  gap  dependency  of  integral  By, 

The  configuration  of  the  end  structure  is  shown  in  cross 
section  in  Figure  1.  The  poles,  labeled  0,  1,  2,  etc.  are 
vanadium  permendur  and  are  powered  by  Nd-Fe-B  permanent 
magnets  which  can  be  seen  between  the  poles.  The  corrector 
coil  can  be  seen  around  pole  1.  Trim  magnets  [3]  are  located 
between  poles  0  and  1.  These  are  used  to  correct  variation  in 
field  integrals  as  a  function  of  the  transverse  coordinate  x. 

The  truncation  field  distribution  of  the  ends  is  a  function 
of  the  scalar  potential  distribution  of  the  poles  beginning  with 
the  end  pole  (pole  0).  The  nominal  entry  scheme  is  for 
nominal,  norm^zed  scalar  potentials  of  0,  1/4,  -3/4,  1,-1, 
etc.  This  distribution  is  achieved  by  manipulating  the 
quantities  of  fixed  permanent  magnet  material  in  the  spaces 
between  poles  0  through  3. 

IL  CORRECTOR  COILS 

The  corrector  coils  are  powered  by  a  13  v,  120  A,  bi-polar 
power  supply  which  is  controlled  by  the  ALS  control  system. 
They  consist  of  ten  turns  of  .250"  sq.  x  .125"  i.d.  hollow 
copper  conductor  potted  in  glass  filled  epoxy.  They  are  wired 
in  series  to  achieve  maximum  magnetic  symmetry  with 
cooling  circuits  in  parallel. 


Fluid  flow  and  heat  transfer  calculations  were  incorporated 
in  a  spread  sheet  program  for  rapid  optimization  of  the  coil 
design. 

Table  1  Coil  and  Power  Supply  Parameters 


Coil  Parameters: 
Electrical: 


Current 

100  A 

Power 

.358  kW 

Voltage 

3.58  V 

Resistance 

35.8  mQ 

Inductance 

0.5  mH 

Cooling: 

Velocity 

8.79  ft/s 

Flow  Rate  @  40  psi 

.34  GPM 

Temperature  Rise 

4.0°  C 

Power  Supply  Requirements: 

Output: 

Voltage 

±13.0  V 

Voltage  Ripple  (p-p) 

<1%  Vo 

Current 

±120  A 

Current  Regulation 

±100  ppm 

Bipolar  Offset 

±25  ppm 

Overcuirent 

130A-dc 

*This  work  was  supported  by  the  Director,  Office  of  Energy  Research,  Office  of  Basic  Energy  Sciences,  Materials  Sciences 
Division,  of  the  U.S.  Department  of  Energy  under  Contract  No.  DE-AC03-76SF00098. 
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IV.  MODELING  RESULTS 


III.  3-D  NUMERICAL  MODELING 

The  end  structures  are  complicated,  non-linear  structures 
with  significant  three  dimensional  aspects.  To  perform  the 
magnetic  design,  the  code  AMPERES  [4]  was  used. 
AMPERES  is  a  3-D  code  which  uses  a  boundary  element 
method  to  solve  for  the  fields. 

Figure  2  illustrates  the  3-D  model  with  boundary  elements 
shown.  This  represents  one  fourth  of  one  end  of  the  20  cm 
wiggler  magnetic  structure.  Symmetry  planes  are  utilized  at  the 
x=0,  y=0  and  z=0  planes  of  the  geometry.  One  half  of  one  coil 
can  be  seem  around  pole  1. 

The  poles  are  modeled  using  a  non-linear  B-H  curve  for 
vanadium  permendur.  The  permanent  magnets  are  described  by 
the  usual  linear  B-H  representation  while  the  coil  in  the  model 
consists  of  current  volume  elements  with  total  current  NI. 

At  the  left  end  of  the  model  in  Figure  2,  a  magnetic  shunt 
can  be  seen  which  connects  the  last  or  “field  clamp"  pole  to  the 
corresponding  pole  below  the  midplane.  The  intended  purpose 
of  this  shunt  is  to  force  the  fields  clamp  poles  to  zero  scalar 
potential. 


A  .  Fields  and  Trajectories 

Figure  3  shows  a  result  for  the  20  cm  wiggler  calculated  by 
AMPERES.  The  By  field  distribution,  the  first  integral  of  the 
fields,  and  the  second  integral  or  trajectory  are  shown. 

The  high  third  harmonic  content  of  the  wiggler  fields  can  be 
seen  in  the  shape  of  the  field  peaks.  Pole  0,  the  field  clamp 
pole  is  indicated  on  the  right  side  of  the  graph.  The  first 
integral  of  By  (steering),  decays  to  a  small  value  as  desired.  The 
second  integral  indicates  a  benign  exit  trajectory  with  a  final 
beam  offset  which  is  small  relative  to  the  wiggle  amplitude 
which  can  be  seen  at  the  left  side  of  the  graph. 

B.  Coil  Positioning 

3-D  calculations  were  performed  with  correction  coils  in 
various  locations  in  order  to  determine  the  optimum 
arrangement.  The  results  indicate  that  coils  which  are 
positioned  further  from  the  end  poles  have  significant 
diminished  capacity.  A  coil  located  at  pole  2  performed  at 
approximately  one  tenth  the  correction  capacity  of  the  same 
coil  located  at  pole  1  for  the  20  cm  period  wiggler  ends. 

A  second  result  of  the  modeling  is  that  the  vertical  position 
of  the  correction  coil  on  the  pole  has  a  major  impact  on  its 
capacity.  A  coil  placed  on  the  end  of  the  pole  away  from  the 
midplane  of  the  device  produced  only  two  fifths  the  correction 
capacity  of  the  same  coil  positioned  near  the  midplane  as 
shown  in  Figure  1. 
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Figure  4:  Gap  dependency  of  integral  of  Bydz 
C,  Gap  Dependency 

Extensive  modeling  was  performed  to  attempt  to  predict  the 
dependency  of  the  integral  of  Bydz  on  the  change  in  gap  of  the 
device.  Figure  4  shows  the  results  of  a  series  of  3-D 
calculations  for  gap  d^ndency.  The  indicated  range  of  the 
integral  from  the  minimum  operating  gap  of  1.4  cm  to  the 
largest  gap  of  22  cm  is  approximately  800  G-cm. 

In  the  2-D  modeling  case  the  end  shunt  is  required  to 
achieve  the  necessary  integral  By  capacity  of  correction 
elements.  Conversely,  3-D  modeling  indicates  that  the  shunt 
has  a  minimal  effect  on  both  the  capacity  of  correctors  and  on 
the  gap  dependency  of  the  integral  of  By  through  the  ends.  This 
can  be  seen  in  the  graph  of  Figure  4. 


D.  Corrector  Coil  Capacity 

A  value  of  NI  =  ±1000  A  was  set  for  the  correction  coils  in 
the  models  and  the  differences  were  calculated  for  the  integrals. 
The  indicated  capacity  for  the  20  cm  period  wiggler  is  5000  G- 
cm  per  end  and  that  of  the  16  cm  wiggler  is  4000  G-cm. 
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Abstract 

An  optimized  end  pole  compensation  scheme  for  the  1.8  Tesla, 
25-pole  wiggler  W20/SRRC  was  studied  by  using  2D  magneto¬ 
static  code  OPERA-2d.  The  maximum  deviation  of  the  dipole 
steering  for  this  wiggler  can  be  minimized  either  by  optimiz¬ 
ing  the  sizes  of  the  bias  magnets  or  by  optimizing  the  easy-axis 
rotating  angles  of  the  permanent  rotators.  After  optimization, 
the  dipole  steering  is  within  100  Gauss-cm  in  the  operating  gap 
range  so  that  a  passive  compensation  scheme  is  possible  even 
for  an  insertion  device  configured  with  very  strong  on-axis  mag¬ 
netic  field  strength. 


L  INTRODUCTION 

There  are  usually  end  correctors  located  at  both  ends  of  the 
insertion  device  to  compensate  the  residual  dipole  steering  due 
to  the  fringe  magnetic  field  contributions  as  well  as  the  mag¬ 
netic  field  errors,  which  can  be  characterized  by  the  first  integral 
of  the  magnetic  field  (/i)  through  the  entire  magnetic  structure. 
Basically,  the  design  goal  of  the  end  correction  scheme  could  be 
guided  in  two  directions:  passive  correction  and  compact  size. 
A  passive  end  correction  scheme  means  that  the  maximum  de¬ 
viation  of  the  dipole  steering  between  the  minimum  and  max¬ 
imum  gap  range  can  be  within  a  reasonable  small  value  like 
100  Gauss-cm  without  help  of  any  gap-dependent  active  com¬ 
pensation  mechanism.  Recess  of  the  next-to-last  pole  pieces  [1] 
demonstrates  one  of  the  solutions.  However,  optimization  of  the 
size  of  the  permanent  bias  magnets  in  the  end  correction  config¬ 
uration  gives  another  possibility. 

The  hybrid  permanent  periodic  magnetic  structure  of  the  STI 
delivered  1.8  Tesla,  25-pole  wiggler  W20/SRRC  was  used  as 
an  example  for  numerical  study  of  this  possibility  in  this  report. 
The  magnetostatic  code  OPERA-2d[2]  was  used.  A  Halbach 
rotator  type  end  pole  compensation  scheme[3]  composes  of  two 
sets  of  permanent  bias  magnets  (1  and  2)  and  rotators  (a  and 
/?)  located  between  pole  0  (field  clamp)  and  pole  2,  as  shown  in 
Fig.  1. 


r  (em) 
40.9  t- 


Bios  1 
Bias  2 


Figure  1.  2D  numerical  modelling  of  the  new  proposed  end 
correctors  for  the  wiggler  W20/SRRC 


Figure  2.  Dipole  steering  /i  at  22  mm  gap  as  a  function  of  the 
height  of  the  bias  magnet  2.  The  height  of  bias  magnet  1  is  equal 
to  1.85  cm. 

IT  OPTIMIZATION  OF  BIAS  MAGNETS 

The  maximum  deviation  of  the  first  integral  of  the  magnetic 
field  (A/i)  through  the  entire  insertion  device  is  strongly  depen¬ 
dent  on  the  size  of  the  bias  magnets.  With  a  fixed  size  of  the  bias 
magnet  1,  the  calculated  dipole  steering  at  a  fixed  gap  (here  22 
mm  gap)  is  proportional  to  the  height  of  the  bias  magnet  2,  as 
shown  in  Fig.  2.  On  the  other  hand,  with  a  fixed  size  of  the 
bias  magnet  2,  the  calculated  dipole  steering  at  a  fixed  gap  as  a 
function  of  the  height  of  the  bias  magnet  1  has  a  negative  slope, 
as  shown  in  Fig.  3.  Fig.  4  shows  the  maximum  deviation  of 
the  dipole  steering  in  the  gap  range  from  22  mm  to  102  mm  as 
a  function  of  the  height  of  the  bias  magnet  2.  Here  the  heights 
of  the  bias  magnet  1  was  optimized  so  that  the  dipole  steering 
always  keeps  zero  at  22  mm  gap. 

With  fixed  heights  of  the  bias  magnets,  the  dipole  steering 
is  usually  gap-dependent,  as  shown  in  Fig.  5.  The  maximum 
deviation  of  the  dipole  steering  could  be  huge,  if  the  dimension 
of  the  bias  magnets  is  not  properly  optimized.  For  example, 
the  maximum  deviation  of  the  dipole  steering  is  more  than  1500 
Gauss-cm,  if  the  height  of  the  bias  magnet  2  is  equal  to  9.5  cm. 
However,  the  maximum  dipole  steering  deviation  is  within  100 
Gauss-cm,  if  the  height  of  the  bias  magnet  2  is  equal  to  7.95  cm. 
In  Fig.  5,  the  heights  of  the  bias  magnet  1  were  optimized  to 
keep  zero  dipole  steering  at  22  mm  gap,  i.e.  the  heights  of  the 
bias  magnet  2  are  equal  to  be  7.95  cm  and  9.50  cm  individually. 

After  comparison  between  the  results  shown  in  the  Fig.  2  and 
Fig.  4,  we  found  that  the  maximum  deviation  of  the  dipole  steer¬ 
ing  in  the  gap  range  from  22  mm  to  102  mm  can  be  minimized 
by  reducing  the  height  of  the  bias  magnet  2  to  about  7.95  cm. 

III.  FINE  TUNE  WITH  ROTATORS 

A  discrepancy  between  the  simulated  and  measured  dipole 
steering  for  a  given  end  correction  scheme  is  The  unavoidable 
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Figure  3.  Dipole  steering  /i  at  22  mm  gap  as  a  function  of 
the  height  of  bias  magnet  1  at  22  mm  gap.  The  height  of  bias 
magnet  2  is  equal  to  8.5  cm. 


Figure  4.  Maximum  deviation  of  the  dipole  steering  A/i  in  the 
gap  range  from  22  mm  to  102  mm  as  a  function  of  the  height  of 
bias  magnet  2. 

magnetic  field  errors  and  3d  effect  due  to  finite  width  of  the 
magnetic  structure  are  two  of  the  most  possible  sources  for  this 
discrepancy.  A  mechanism  for  fine  tuning  of  the  dipole  steer¬ 
ing  after  assembly  of  the  insertion  device  magnetic  structure  is 
therefore  necessary.  There  are  two  tunable  permanent  magnetic 
rotators  equipped  in  the  Halbach  rotator  type  end  pole  scheme 
for  this  purpose  (see  Fig.  1).  However,  the  rotators  could  be 
replaced  by  electromagnetic  coils  for  some  other  reasons. 

As  shown  in  Fig.  6,  a  pair  of  the  permanent  rotators  with 
steering  tuning  capability  larger  than  ±  3000  Gauss-cm  for  the 
wiggler  W20/SRRC  at  22  mm  gap  was  used  for  our  preliminary 
numerical  study.  Here  the  radius  of  the  rotators  are  2.0  cm  and 
1.0  cm  individually.  At  a  given  gap,  the  dipole  steering  can  be 
con:q)letely  compensated  by  rotating  either  the  rotator  a  or  /3.  In 
Fig.  7,  the  maximum  deviation  of  the  dipole  steering  is  shown 
as  a  function  of  the  easy-axis  rotating  angle  of  the  permanent 
rotator  a,  with  fixed  rotating  angle  of  the  rotator  /?  such  that  the 
dipole  steering  keeps  zero  at  22  mm  gap.  In  Fig.  8,  the  dipole 
steering  as  a  function  of  gap  is  shown.  With  help  of  the  rotators, 
the  residual  dipole  steering  can  be  within  100  Gauss-cm  without 
difficulty  after  optimization  of  the  easy-axis  rotating  angles  of 
both  rotators.  On  comparison  of  the  results  shown  in  Fig.  7  and 
8  with  those  shown  in  Fig.  4  and  5,  we  found  that  to  optimize 


Figure  5.  Dipole  steering  as  a  function  of  gap  for  the  heights  of 
the  bias  magnet  2  equal  to  7.95  cm  and  9.50  cm. 

the  size  of  the  bias  magnets  is  similar  to  optimize  the  rotating 
angles  of  the  permanent  rotators. 

IV.  DISCUSSIONS 

The  maximum  deviation  of  the  dipole  steering  in  the  oper¬ 
ating  gap  range  of  an  insertion  device  can  be  achieved  either 
by  optimizing  the  heights  of  bias  magnets  or  by  optimizing  the 
easy-axis  rotating  angles  of  the  permanent  rotators,  if  a  Hal¬ 
bach  rotator  type  end  pole  compensation  scheme  is  to  be  used. 
Numerically,  it  is  possibly  to  have  a  maximum  deviation  of 
the  dipole  steering  within  100  Gauss-cm  with  each  approaches. 
Therefore,  a  passive  end  compensation  scheme  can  be  achieved 
with  help  of  prior  optimization  of  the  heights  of  bias  magnets 
by  using  magnetostatic  code  and  with  fine  tune  of  the  easy-axis 
rotating  angles  of  the  permanent  rotators  after  assembly  of  the 
magnetic  structure  of  the  insertion  device. 
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Figure  6.  Dipole  steering  as  a  function  of  the  easy-axis  rotating 
angle  of  the  permanent  magnet. 


Figure  7.  Maximum  deviation  of  the  dipole  steering  A/i  in  the 
gap  range  from  22  mm  to  102  mm  as  a  function  of  the  easy-axis 
rotating  angle  of  the  permanent  rotator  a. 


Figure  8.  Dipole  steering  as  a  function  of  gap  for  an  end  correc¬ 
tion  scheme  with  (solid  curve)  and  without  (dashed  curve)  help 
of  the  rotators. 
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INSERTION  OF  HELICAL  SIBERIAN  SNAKES  IN  RHIC’" 

A.Luccio  and  F.Pilat,  Brookhaven  National  Laboratory,  Upton,  NY  1 1973-5000 


I.  HELICAL  SNAKES  AND  SPIN  ROTATORS 

For  polarized  protons  in  RHIC,  two  Siberian  snakes  and 
four  spin  rotators  per  ring  will  be  used  [1].  Snakes,  ISC'*  apart, 
and  with  their  axis  of  spin  precession  at  90“  to  each  other,  are 
an  effective  means  to  avoid  depolarization  through 
resonances.  Spin  rotators,  in  pairs,  rotate  the  spin  from  the 
vertical  to  the  horizontal  and  back  at  an  interaction.  They  are 
needed  to  study  proton  collisions  with  the  spin  in  the 
horizontal  plane. 

We  adopted  a  solution  with  four  identical  helical  magnets 
for  snakes  and  rotators  [2].  Our  choice  is  dictated  by 
distinctive  advantages  of  helical  over  transverse  magnets,  (i) 
they  are  modular,  (ii)  the  maximum  orbit  excursion  is  smaller, 
and  (iii)  independent  from  the  separation  of  magnets,  (iv)  they 
allow  an  easier  control  of  the  angle  of  the  spin  precession  axis. 
To  use  the  standard  RHIC  dipole  cryostats,  the  length  of  the 
devices  is  limited  to  12  meters.  We  have  chosen  2.4  m  as  the 
length  of  each  module. 

An  analytical  approximate  calculation  of  the  properties  of 
a  four  helical  magnet  was  made  [3].  Since  we  have  found  that 
the  fringe  field  is  important  both  for  orbits  and  spin  rotation,  a 
systematic  study  by  numerical  integration  of  the  equations  of 
motion  and  of  spin  through  the  magnetic  field  was  performed 
[4],  using  the  field  expression  first  described  by  Blewett  and 
Chasman  [5] 

bx  +  v^)]sinfe  +  yMVCOsfe 

^  by  «  [i  +  ^(m^  +3v^)]cosfe-|Mvsinfe 

b^  «  -  V2  [v  +  (m^v  +  )]  sin  kz  -  V2  [w  +  {  )]  cos  fa 


with 


^u  =  kx/^^2  ^  _  2;r 

[v  =  kyl^Jl  ^  . 


ror  me  tnnge,  we  assumea  inai  uic 
in  a  distance  equal  to  half  the  magnet  aperture. 
In  the  the  program,  the  equation  of  motion 

—  =  BxQ  Q  =  — 

d,  “  my 

and  the  spin  precession  equation 
ds 

—  =CiSXi^  +  C2(P‘n)sxp» 
dt 

1  +  7 


with 


Cj  =  1  +  Gy 


Cz  = 


are  integrated.  The  results  described  in  the  following  are 
obtained  by  numerical  calculation. 

Rotator  parameters  are  given  in  Table  I  .  Orbit  and  spin 
are  shown  in  Figs.  lA  and  IB.  To  compensate  the  field 
integral  including  fringe,  the  angle  of  rotation  of  the  field  in 
each  helix  is  less  than  360“.  So,  a  particle  entering  the  magnet 
on  axis  will  emerge  on  axis.  In  RHIC,  collisions  will  be  done 
at  energies  from  7  =  27  to  the  maximum  7  =  250.  Since  the 
rotator  beam  line  is  at  an  angle  0  =  3.674  mrad  with  the 
adjacent  interaction  straight,  after  the  rotator  the  spin  precedes 
further.  To  obtain  a  proper  polarization  at  the  interaction,  the 
spin  should  emerge  from  the  rotator  at  an  angle  Gyp  with  the 
rotator  axis.  The  field  to  provide  a  longitudinal  polarization  at 
the  interaction  is  shown  in  Fig.  2. 

Snake  parameters  are  in  Table  II.  Orbit  and  spin  are 
shown  in  Figs,  3  A  and  3B,  for  the  condition  of  the  axis  of  spin 
precession  at  an  angle  of  45“  with  the  beam  direction.  This 
angle  is  slightly  adjustable  by  varying  B1  and  B2  to 
compensate  for  effects  of  solenoidal  fields  in  the  detectors. 


Table  I.  Parameters  of  the  helical  magnets  at  injection  (7=27). 


1  SpinRotator  1 

Length  [m] 

Field^  [tesla] 

Field  rotation^ 

Field  orientation^ 

Max  orbit  [mm] 

2.40 

2.047 

+345” 

97.5” 

24.1(hor) 

10.0  (vert) 

2.40 

2.654 

-345” 

82.5” 

2.40 

2.654 

+345” 

97.5” 

2.40 

2.047 

-345” 

82.5” 

1  Siberian  Snake  1 

2.40 

1.191 

+345” 

7.5” 

14.7  (hor) 
31.5  (vert) 

2.40 

3.864 

+345” 

187.5” 

2.40 

3.864 

+345” 

7.5” 

2.40 

1.191 

+345” 

187.5” 

^  For  longitudinal  polarization  (Rotators).  For  precesson  axis  at  45“  (Snakes). 
^  *'+”,  right-handed  helix.  left-handed. 

^  Angle  of  field  with  the  vertical  at  magnet's  entry. 


*  Work  performed  under  the  auspices  of  the  U.S.  Department  of  Energy 
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IL  LINEAR  COUPLING  EFFECTS 


Transfer  matrices  up  to  the  third  order  have  been 
numerically  calculated  by  tracking  many  particles  with 
random  initial  coordinates  and  performing  a  polynomial  fit  of 
the  final  vs.  the  initial  conditions.  The  dependence  of  the 
numerical  matrix  on  input  parameters  has  been  systematically 
checked.  The  fit  results  proved  insensitive  (<  1%)  to  most  of 
the  parameters  varied.  Only  a  center  offset  of  3  cm, 
unrealistic,  produced  variations  greater  than  1%.  The  values 
are  also  in  excellent  agreement  with  differential  algebra 
results  [6],  and  in  reasonable  agreement  with  the  analytical 
approximation 

The  linear  coupling  effect  of  helical  snakes  and  rotators 
in  RHIC  is  calculated  with  a  one  turn  linear  map  [7].  In  the 
model,  Fig.  4,  we  place  snakes  and  spin  rotators  in  their  lattice 
position,  and  connect  their  locations  by  phase  space  rotations. 

From  the  one-turn  matrix 

r= X (TX X  ;rx R45  X  ;rx /^4  X  ;r X ^23  X  ;rx  X 

with  the  phase  space  rotation  between  points  i  and  j 

'R^  O' 

0 


the  linear  coupling  effect,  i.e.  the  distance  of  minimum  tune 
separation  ^Qmin  is  derived.  We  write  the  4x4  one-turn 


matrix  T  as 


M 

n 


m 

N 


.  Then,  in  the  particular  case  when 


Qj^Qy=^Qo  (fractional  tune) ,  obtain 

,_L  -IMS  , 

In  sin(2;rQ)) 

where  H  =  m  + 

With  j2jc  =28.185,  =29.185  and  only  2  snakes,  the 

results  for  the  linear  model  are  in  Table  II.  The  prediction 
from  the  analytical  and  numerical  models  are  within  a  factor 
2,  due  to  different  representation  of  the  fringe  field.  Table  II 
also  shows  the  coupling  when  we  add  4  rotators. 

IIL  CONCLUSIONS 

Spin  rotators  and  Siberian  snakes  for  RHIC  can  be  built 
using  4  helical  magnets  obtained,  by  twisting,  from  the  cosine 
dipoles.  We  found  that  the  fringe  fields  are  important.  In  the 
calculations  we  have  used  a  plausible  model  for  the  fringe. 
However,  only  magnetic  measurements  on  the  prototypes 
presently  being  built  will  allow  a  final  optimization.  The 
linear  coupling  at  injection,  ^Qmin  <  10"^,  is  well  within  the 
range  of  the  RHIC  decoupling  system.  At  storage,  the 
coupling  introduced  by  the  devices  (A(2inin  <  10“^^  is 
negligible. 
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Table  11.  Linear  coupling  in  RHIC  at  injection  (y=  27). 


2  snakes 

analytical 

numerical 

0.00157 

O.O0289 

2  snakes  +  4  rotators 

no  fringe  fields 

with  fringe  fields 

0.00303 

0.00383 

Fig.  1  A.  Spin  rotator.  Orbits  [mm].  7  =27. 


Fig.  IB.  Spin  rotator.  Spin  precession  (7  =27). 
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Fig.  2.  Spin  Rotator.  Field  [Tesla]  to  achieve  longitudinal 
polarization  in  the  interaction,  vs  y. 


Fig.  3B.  Snake.  Spin  precession.y=  27. 


0  2  4  6  8  10  12 

s  [m] 

Fig.  3A.  Snake  orbits  [mm].y=  27. 


Fig.  4.  Model  of  RHIC  for  the  one-turn  matrix. 
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MODELING  OF  WLS  FIELD  WITH  PIECEWISELY  CONSTANT  MAGNETS 


Zuping  Liu  and  Aihua  Zhao 
NSRL,  USTC,  Hefei,  Anhui  230029,  RR.China 


L  INTRODUCTION 

A  WLS,  or  a  WaveLength  Shifter,  indicates  in  this  note  a  su¬ 
perconducting  wiggler  which,  installed  as  an  ID  (Insertion  De¬ 
vice)  in  a  storage  ring,  can  provide  short  wavelength  synchrotron 
light  and  will  usually  impose  a  strong  effect  upon  the  stored 
beam. 

The  magnetic  field  in  a  WLS  varies  dramatically  with  longi¬ 
tudinal  positions  in  such  a  way  that  differs  by  far  from  either  ap¬ 
proximately  piecewisely-constant  fields  in  most  ring  magnets,  or 
sine-like  periodical  fields  in  long  multi-period  ID’s.  WLS  effect 
analysis  is  hence  made  difficult.  To  refer  to  commonly  used  ac¬ 
celerator  physics  computer  codes,  a  3-rectangular-pole  modeling 
method  is  used  most  frequently,  with  the  parameters  chosen  ac¬ 
cording  to  the  0th  order  effect  of  the  WLS  in  question.  Unfortu¬ 
nately,  such  a  modeling  often  gives  a  distorted  account  of  its  1st 
order  effect  and  fails  to  properly  represent  the  WLS  effect  on  the 
beam  motion. 

During  a  visit  to  BESSY,  Germany,  the  authors  carries  out 
studies  on  WLS  effects,  including:  theoretical  study  on  the  field 
and  beam  motion,  field  analysis,  particle  tracking,  up-to-3rd  or¬ 
der  transport  (Taylor’s  expansion)  coefficients  calculation,  mod¬ 
eling  of  the  field  with  3  edge-angled  piecewisely  constant  mag¬ 
nets,  and  error  analysis  for  the  modeling.  Detailed  calculation 
results  for  BESSY-1  WLS’s  and  discussions  are  presented  in  a 
BESSY  technical  note[l].  This  paper  will  focus  on  2  creative 
pieces  of  the  work:  estimation  of  the  biggest  1st  and  3rd  or¬ 
der  terms  with  field  integrals;  linear  effect  modeling  by  param¬ 
eters  fitting.  Most  methods  and  ideas  herein  described,  such  as 
’’higher  order  edge  effect”,  apply  in  principle  to  other  ID’s. 

Discussions  with  P.Kuske  are  very  helpful  to  the  work. 

11.  WLS  EFFECTS 

In  the  terminology  of  machine  physics,  motion  of  a  particle 
is  described  by  6  variables:  the  2  transverse  displacements  and 
2  slopes  (x,  2/,  x'  and  2/),  the  orbit  length  (L)  and  the  momen¬ 
tum  deviation  (S),  When  going  through  a  magnet,  the  first  5  of 
them  change  so  that  their  final  values  are  determined  by  the  ini¬ 
tial  values  of  the  first  4  variables  and  S.  By  Taylor’s  expansion 
of  the  functions,  the  effect  of  the  magnet  can  be  resolved  into  or¬ 
ders.  Of  the  1st  order  terms  (linear  transport  matrix  elements), 
25  are  dependent  on  and  descriptive  of  the  magnet  field.  Simi¬ 
larly,  there  are  5  terms  to  account  for  the  0th  order  effect,  15x5 
terms  to  indicate  the  2nd  order,  35  x  5  to  go  to  the  3rd,  and  much 
more  for  even  higher. 

The  WLS  effects  are  thus  itemized  as:  1)  0th  order  effect,  the 
closed  orbit  distortions,  increase  of  the  orbit  length,  as  well  as 
the  orbit  deflection  and  displacement  within  the  WLS.  2)  1st  or¬ 
der  effect,  an  inevitable  vertical  focusing  and  maybe  a  weak  hor¬ 
izontal  defocusing,  causing  tune  shifts  and  beta  function  beat¬ 
ing,  breaking  the  superperiodicity  and  the  symmetry  of  lattice 
functions  in  the  machine  and  changing  the  phase  advances  be¬ 


tween  ring  components;  hence  often  restricting  the  ring’s  dy¬ 
namic  aperture.  The  1st  order  effect  is  always  the  most  impor¬ 
tant.  3)  2rd  and  higher  order  effects,  causing  chromatic  and  geo¬ 
metric  aberrations,  affecting  dynamic  aperture  and  energy  accep¬ 
tance,  inducing  tune  spread  and  maybe  high  order  resonances.  4) 
Effect  due  to  the  radiated  energy  in  the  WLS,  i.e.  changes  of  the 
’’synchrotron  radiation  integrals”,  therefore  a  bigger  energy  loss, 
shorter  damping  times,  a  larger  energy  spread  and  longer  bunch 
length,  some  change  in  the  beam  emittance  and  momentum  com¬ 
paction  factor,  and  so  on. 

In  most  WLS’s,  plane  2/  =  0  is  the  magnetic  median  plane  in 
which  the  field  is  purely  vertical  and  the  central  orbit  lies.  Then, 
the  field  at  position  {x^  y,  s) ,  up  to  the  3rd  order,  can  be  found  as 


Bx  = 
Bs  = 


By{B)  +  -f-  -  y 


f  dx^  6^  dxds^ 


■y^) 


dx^ds 


where  the  on-axis  field  and  its  on-axis  derivatives  are  s- 
dependent  only,  and  the  3rd  order  components  in  the  first  2  equa¬ 
tions  are  much  smaller  than  those  in  the  3rd. 

In  the  x-y-s  Cartesian  coordinate  system  the  particle  motion 
equations  are  ( '  denotes  derivation  with  respect  to  s.  Bp  is  the 
nominal  rigidity  of  the  beam): 

L'  =  v^l  -h 

=  -L'((l  +  x'^)By  -  i/B,  -  x'y'B^)/{{l  +  S)Bp) 
f  =  L’{{1  +  _  x'B,  -  x'j/By)/{{l  +  S)Bp) 

The  whole  procedure  for  the  authors  to  deal  with  WLS  effect  is 
summarized  as  follows.  1)  Field  mapping.  From  the  WLS  field 
measurement  data,  it  determines  the  on-axis  field  components 
(field  itself  and  its  partial  derivatives)  by  a  least  square  fitting, 
to  be  used  in  field  reestablishment  during  tracking.  2)  Particle 
tracking.  A  lot  of  particles  are  tracked  through  the  WLS  with 
Runge-Kutta’s  method.  3)  Taylor’s  expansion.  Another  least 
square  fitting,  taking  the  variables’  final  values  of  all  the  parti¬ 
cles  as  functions  of  their  initial  values,  gives  the  coefficients  up 
to  the  wanted  order.  4)  Modeling.  It  keeps  the  above-obtained 
linear  transport  matrix  of  the  WLS  as  intact  as  possible.  5)  Cal¬ 
culation  with  machine  physics  codes.  The  model  magnets  are 
put  in  the  place  of  the  WLS  for  its  linear  effect  and  chromatic 
aberrations.  The  terms  other  than  1st  order  can  be  used  for  their 
corresponding  effects. 

A  few  computer  codes  (in  VAX  Fortran)  are  developed  by  the 
authors  for  this  purpose.  The  modeling  and  tracking/coeffici- 
ents-fitting  codes  have  been  used  for  BESSY  WLS’s[l,2]. 
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IIL  HIGHER  ORDER  EDGE  EFFECTS  AND 
ESTIMATION  FORMULAS 

Insertion  devices  always  produces  vertical  focusing  because 
the  inside  beam  orbit  does  not  coincide  with  the  gradient  of  the 
field.  This  is  often  named  as  edge  effect  by  analogy  to  edges  in 
ordinary  magnets.  The  same  mechanism  gives  rise  to  3rd  and 
other  odd  order  effects,  which  the  authors  refer  to  as  ’’higher  or¬ 
der  edge  effects”. 

The  WLS  field  varies  slowly  in  respect  to  x,  but  so  fast  along 
s-axis  that,  by  Maxwell’s  law,  there  must  be  strong  longitudinal 
field  component  off  the  midplane,  which  gives  a  vertical  focus¬ 
ing  to  particles  on  an  inclined  orbit.  This  need  not  be  related  to 
x-dependent  field  component.  In  general,  a  beam  travelling  on  a 
inclined  orbit  in  a  varying  field  will  ’’see”  a  ’’one  order  higher” 
effect  of  any  transverse  field  components;  here  the  gradient  may 
translate  into  a  higher  order  derivation.  If  the  orbit  wiggles  in  a 
quasi-periodic  field,  the  even  orders  cancel  while  the  odd  ones 
add  up.  These  edge  effects  are  inevitable  in  ID’s,  and  often  sig¬ 
nificant,  especially  when  the  field  is  strong,  or  the  ID  is  of  a  lot 
of  periods,  or  there  are  many  ID’s  in  the  ring. 

The  most  important  edge  effects  are  the  1  st  and  3rd  order  ones; 
of  their  many  terms,  the  biggest  are  vertical  focusing  ones,  nor¬ 
mal  quadrupole-like  and  octupole-like,  respectively.  The  au¬ 
thors  find  a  way  to  estimate  such  biggest  terms  with  on-axis  field 
integrals.  The  3rd  order  field  component,  which  can  hardly  be 
extracted  convincingly  from  measurement,  need  not  be  explic¬ 
itly  evaluated. 

Omit  irrelevant  terms  for  simplicity,  e.g.  suppose  the  field  is 
not  x-dependent.  Let  h  =  By{s)/ Bp.  Then  the  particle  motion 
equations  turn  into 

x"  «  -By! Bp  «  -6  + 

y"  «  -x'B,/Bp  «  -x'{yb'  - 

Here  x  is  the  central  orbit.  Assume  y  not  to  change  much  on 
the  way  though  y'  changes.  The  equations  are  combined  to  yield 

j/^ds  ^  ~y  j  J  "t — 

with  the  integrals  made  over  the  whole  device. 

If  the  field  is  x-dependent,  the  linear  term  has  to  be  revised. 
More  often  than  not,  the  strong  field  in  the  central  pole  goes 
down  with  x  squared  where  the  beam  runs  off-axis  and  sees  a 
negative  dBy/dx,  giving  a  horizontal  defocusing  and  an  addi¬ 
tional  vertici  focusing.  In  building  a  WLS,  attention  is  usually 
paid  to  2nd  order  field  variation  with  x,  but  often  only  to  field 
integrals  along  straight  lines,  on  which  the  central  pole  term  and 
the  side  pole  terms  cancel  partially.  Along  the  curved  orbit,  how¬ 
ever,  the  central  pole  term  is  the  dominant.  Since  any  additional 
transverse  focusing  must  be  of  the  same  strength  but  of  opposite 
signs  on  the  2  planes,  the  revised  estimation  formulas  are 

(Ai/ /yo)  +  {^x' I Xo)  =  -  j  b^ds 
{Ay'/^„)=.-llb'^ds 


A  few  conclusions  are  drawn  from  the  formulas:  Both  terms 
are  focusing  vertically,  with  a  definite  sign  and  therefore  in¬ 
eradicable,  dependent  on  on-axis  field  distribution,  going  up 
with  device  length  and  with  maximum  field  over  particle  energy 
squared.  For  a  WLS,  the  ideal  distribution  is  made  of  a  narrow 
positive  field  peak  and  flat  negative  fields  in  side  poles. 

Calculation  results  agree  well  with  the  estimations.  The  accu¬ 
racy  is  about  1%  for  the  1st  order  and  9%  for  the  3rd.  The  1st 
order  revision  is  necessary,  for  the  discrepancy  in  vertical  focus¬ 
ing  alone  may  be  over  20%  in  BESSY  examples,  while  in  general 
unknowable  without  tracking. 

IV.  MODELING  OF  WLS  1ST  ORDER  EFFECT 

Modeling  of  WLS  field  with  commonly  used  magnet  types 
sets  a  bridge  from  the  tracking  and  coefficients-fitting  results  to 
machine  phicics  tools. 

The  models  of  the  authors  are  still  3  separate  bending  magnets. 
But  their  parameters,  namely,  their  lengths,  bend  angles,  edge 
angles  and  the  drift  space  lengths  in  between,  all  are  set  as  vari¬ 
ables  and  chosen  by  one  more  fitting  so  as  to  reproduce  the  lin¬ 
ear  transport  matrix,  with  its  elements  set  as  goal  functions  and 
a  few  more  relations  (total  length,  final  deflection  and  displace¬ 
ment)  as  limiting  conditions.  The  fitting  is  by  ’’Variable  Met¬ 
ric  Method  for  Minimization” [3],  which  minimizes  the  gradient 
of  the  ’’function  of  goodness”  in  steps  of  accumulative  multi¬ 
dimensional  space  metric  variation  and  has  been  used  success¬ 
fully  in  lattice  function  fitting.  The  number  of  variables  need 
not  equal  to  that  of  goals.  The  accuracy  of  fitting  is  compara¬ 
ble  to  that  in  the  preceding  measurement  and  matrix  calculation. 
Because  of  errors  in  the  preceding  steps  and  inner  contradic¬ 
tions  between  a  few  goals  and  conditions,  the  fitting  function  of 
goodness  cannot  and  need  not  be  down  to  zero.  One  can  choose 
weight  factors  to  make  the  more  significant  goals  reached  suffi¬ 
ciently  close. 

Modeling  calculations  are  done  for  the  BESSY- 1  operational 
3.2  T  WLS  (and  a  planned  6  T  WLS).  As  sketched  in  Fig.l,  the 
modeling  assumes  the  bending  field  is  compressed  into  3  short 
magnets,  sitting  at  the  turning  points  of  the  orbit,  with  the  cen¬ 
tral  field  about  10%  weaker  than  the  maximum  field,  and  the 
bend  angles  about  20%  smaller  than  the  maximum  deflection  an¬ 
gle,  The  edge  angles  are  so  chosen  as  to  produce  the  focusing 
strengths  more  properly.  Fig.2  shows  the  shape  of  the  inclined 
magnet  faces  with  the  angles  enlarged  10  times.  Because  of  the 
horizontal  defocusing,  the  magnet  poles  are  not  rectangular,  but 
look  like  curved  edge  faces,  the  ’’curvatures”  of  which  are  con¬ 
vex  outward  so  as  to  resemble  the  isomagnetic  surfaces  of  the 
field.  This  is  in  accord  with  the  concept  of  edge  effect,  and  with 
existence  of  2nd  order  field  variation  with  x.  To  follow  the  track¬ 
ing  results,  the  parameters  of  the  models  are  slightly  assymetric 
about  the  midpoint,  and  the  system  is  not  completely  achromatic. 

Calculations  reveal  that  the  WLS  effects  on  the  synchrotron 
radiation  integrals  and  consequently  on  the  related  ring  parame¬ 
ters  are  evaluated  in  the  models  in  close  approximations.  The 
higher  order  effects  are  also  studied.  A  key  point  is  to  ’’con¬ 
dense”  the  matrices  into  ’’thin  lenses”  at  the  WLS  midpoint  to 
get  rid  of  the  influence  of  path  length,  leaving  only  a  few  sig¬ 
nificant  terms  outstanding.  Of  them,  the  chromatic  terms  (vari¬ 
ance  of  focusing  with  energy  deviation)  of  the  WLS  are  well 
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Figure.  1.  WLS  Modeling,  Field  and  Real  Orbit 


V.  CONCLUSION 

Starting  with  the  field  data  (from  measurement  or  prediction), 
the  methods  and  computer  codes  mentioned  in  this  note  can  do 
calculations  for  the  WLS  effect  on  the  beam  and  for  compensa¬ 
tion  considerations.  Either  the  simple  estimations  or  the  con:q)li- 
cated  calculations  agree  with  the  reality  satisfactorily.  As  for  the 
modeling  method,  so  far  as  the  1st  order  effect  is  concerned  in 
the  first  place,  it  can  gain  its  user  an  access  to  all  the  existing  ac¬ 
celerator  physics  computer  codes  without  fear  of  being  misled. 
There  is  yet  much  room  for  further  work  in  WLS  higher  order 
effect  study. 


VI.  REFERENCES 

[1]  Z.Liu,  A.Zhao,  Modeling  of  WLS  Field  with  Piecewisely 
Constant  Magnets,  BESSY  Technical  Note,  Nov.  1994. 

[2 ]  Z.Liu,  A.Zhao,  A  BESSY-1  6  Tesla  WLS  Effect  Compen¬ 
sation  Scheme,  BESSY  Technical  Note,  Nov.  1994,  also 
presented  at  PAC’95. 

[3]  W.C.Davidson,  Variable  Metric  Method  for 
Minimization,  ANL-5990,  Rev.2.  Also  see  computer  code 
(COMFORT),  developed  at  SLAC. 


Figure.  2.  Fig.2  Modeling  Magnets  and  Assumed  Orbit 


represented  by  the  models;  while  the  geometric  aberrations  held 
poorly.  The  latter  may  be  improved  by  2nd  order  parameter  fit¬ 
ting  with  curved  edges,  or  by  inserting  a  high  order  thin  lens  at 
the  WLS  midpoint.  The  coupling  terms  (skew  magnet  generated 
terms)  are  trivial. 

There  are  other  methods  formerly  used  in  WLS  modeling.  1) 
One  is  the  3-rectangular-magnet  modeling,  usually  having  the 
field  integral  of  a  pole  or  the  maximum  bend  angle  the  same  as 
in  the  real  field.  In  this  way  the  method  has  the  0th  order  effect 
to  some  extent  reproduced,  rather  than  the  1st  order.  Selection  of 
the  field  values  is  still  somehow  arbitrary.  The  WLS  effect  may 
easily  be  either  overestimated  (if  at  peak  field)  or  underestimated 
(if  at  full  length).  With  only  rectangular  magnets,  no  way  to  take 
into  account  the  horizontal  defocusing,  which  might  disturb  the 
lattice  quite  seriously.  Therefore,  such  a  modeling  may  have  the 
effect  distorted.  2)  Some  computer  codes  allow  transport  matrix 
directly  used  as  a  magnet  type.  It  is  fine  for  the  tunes  and  the 
lattice  functions  all  over  the  ring.  But  the  functions  and  beam 
parameters  inside  the  WLS  are  not  presented,  not  even  their  ap¬ 
proximations;  neither  are  the  influences  on  the  synchrotron  ra¬ 
diation  integrals;  nor  the  2nd  order  chromatic  effect  of  WLS  in¬ 
cluded  without  special  treatment. 


1458 
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1.  INTRODUCTION 

A  WLS  (superconducting  wavelength  shifter)  is  now  in  oper¬ 
ation  in  the  BESSY-1  storage  ring.  The  maximum  field  therein 
is  3.25  T(esla).  To  its  weak  effect  on  the  stored  beam,  so  far  no 
compensation  in  quadrupole  strengths  is  needed. 

It  is  planned  to  install  a  6  T  WLS  to  replace  the  present  one. 
A  study  on  its  effect  and  compensation  considerations  is  carried 
out  in  1994  by  the  authors,  then  as  visitors  to  BESSY. 

The  WLS  has  first  to  be  characterized  in  terms  comprehen¬ 
sible  to  commonly  used  machine  physics  computer  codes.  The 
work  involves  field  analysis,  particle  tracking,  transport  matrix 
calculation  and  modeling  of  the  field  with  piecewisely  constant 
magnets,  and  is  described  in  another  note[l].  The  calculations 
for  the  3.25  T  WLS  are  in  good  agreement  with  observations. 
The  work  presented  in  this  paper  is  based  on  the  modeling,  that 
is,  the  model  magnets  are  put  in  the  place  of  the  WLS  for  all 
the  relevant  calculations.  The  6  T  WLS  field  in  the  modeling  is 
scaled  up  from  the  3.25  T  WLS  field  measurement  data;  so  it 
may  differ  from  the  real  field  in  the  future  WLS. 

According  to  the  study,  the  6  T  WLS  will  have  quite  annoying 
effects  on  linear  optics  and  non-linear/chromatic  beam  behav¬ 
ior,  inducing  beta  function  beatings  and  depressing  the  dynamic 
aperture,  especially  for  off-energy  or  off-x-axis  particles. 

A  compensation  scheme  with  4  additional  independent 
quadrupole  power  supplies  is  hence  proposed.  The  beta  function 
beatings  can  be  fully  localized  in  the  WLS  seated  drift  section, 
while  the  superperiodicity  and  symmetry  of  the  lattice  functions 
be  saved  to  a  large  extent.  The  tunes  are  the  same  as  in  the 
currently  operational  optics.  The  quadrupole  strengths  are  opti¬ 
mized  to  assure  a  sufficiently  large  dynamic  appeture. 

The  authors  are  not  to  declare  that  such  a  compensation  is 
absolutely  necessary,  because  of  the  uncertainty  about  the  real 
field  and  about  interactions  between  the  WLS’s  disturbance  and 
existing  magnet  errors  and  misalignments.  But  rather,  this  paper 
is  to  present  that,  if  a  compensation  is  needed,  how  it  should  be 
made  and  what  it  can  achieve. 

IL  EFFECT  OF  THE  6  T  WLS  IN  BESSY-1 

The  lattice  configuration  now  in  operation  is  named  as 
”WLS”  optics.  To  avoid  confusion,  we  refer  to  the  original  WLS 
optics  as  ”WLS-0”,  in  which  the  WLS  field  is  zero;  the  con¬ 
figuration  with  6  T  WLS  on  but  ”No  Compensation”  (with  the 
same  quadrupole  settings  as  in  WLS-0)  is  refered  to  as  ”WLS- 
NC”;  and  the  proposed  configuration,  with  the  WLS  on  and  new 
quadrupole  settings  for  compensation,  as  ”WLS-C”. 

The  main  magnet  strength  settings,  ring  parameters  and  lattice 
functions  in  all  the  configurations  are  given  in  tables  and/or  fig¬ 
ures  in  a  BESSY  technical  note[2].  In  any  case,  the  sextupoles 
are  set  to  correct  the  chromaticities  both  to  plus  one. 

The  linear  lattice  calculations  and  function  fittings  are  made 
with  the  authors’  self-developed  codes  (LAMP)  and  (LATGH). 


The  latter  features  graphic  output  based  on  CERN-developed 
software  package  HIGZ  and  interactive  execution  mode.  Par¬ 
ticle  tracking  and  other  non-linearity  and  chromatism  studies 
are  fulfilled  mainly  with  (PATRICIA)[3],  to  which  a  few  ad- 
ditions[4]  by  an  author  are  found  useful  in  the  studies,  like  har¬ 
monics  analysis  in  an  asymmetric  ring. 

In  WLS-0,  the  beta  functions  are  well  matched,  with  the  tunes 
as  1/^ (vy  =  5.619/3.284,  and  with  maximum  %j^y-  16.1/14,0 
m. 

When  the  6  T  WLS  is  turned  on,  a  strong  vertical  focusing 
and  a  relatively  weak  horizontal  defocusing  are  exerted  on  the 
beam.  Its  most  eye-catching  effect  is  that  on  the  two  beta  func¬ 
tions.  The  /?y  beating  amplitude  is  as  high  as  1/4  of  the  ^y  peaks, 
making  the  original  peaks  fluctuate  a  lot.  The  /?ar  function  is  also 
distorted.  The  tunes  shift  to  5.601/3.324,  and  maximum  /?'s  rise 
to  1 8.8/17.4  m. 

The  DA  (dynamic  aperture)’ s  shrink  obviously,  especially  for 
particles  with  large  energy  deviations  and  hence  falling  into  syn¬ 
chrotron  oscillations.  On-energy  particles  with  15(Tj;X  15crj/  be¬ 
tatron  oscillation  amplitudes  can  stay  in  the  ring,  but  those  with 
20x20  (t’s  get  lost. 

The  effect  of  the  6  T  WLS  seems  more  serious  than  antic¬ 
ipated.  The  vertical  focusing,  always  the  strongest  part  in  the 
1st  order  effect,  can  be  estimated  with  the  integral  value  of  the 
WLS  field  (1/p)  squared.  A  previous  technical  note[5]  estimates 
the  vertical  focusing  element  M(4,3)  would  be  -0.51(m“^).  Pro¬ 
vided  that  the  6  T  WLS  field  is  in  proportion  to  the  3.25  T  WLS 
field,  the  integral  will  be  20%  larger,  because  its  on-axis  field 
distribution  differs  from  that  anticipated  (see  [5,6]),  in  which 
the  positive  central  field  is  sharper  and  the  negative  side  fields 
flatter.  The  effect  goes  further  beyond  because  the  beam  orbit 
lies  off-axis  in  the  central  field  where,  due  to  the  2nd  order  field 
descending  with  x,  the  beam  sees  a  negative  dBy  /5x  and  is  hor¬ 
izontally  defocused  as  well  as  vertically  more  focused.  As  ob¬ 
tained  from  tracking,  the  M(4,3)  term  goes  to  -0.73,  altogether 
43%  larger  than  the  anticipation;  and  the  horizontal  defocusing 
term  M(2,l)  is  0.115,  big  enough  to  cause  trouble  in  x-plane 
oscillation. 

There  are  several  factors  that  also  depress  the  DA.  The  su- 
perperiodity  and  symmetry  of  the  lattice  functions  are  seriously 
broken.  This  is  made  worse  by  the  "asymmetric  location”  of 
the  WLS,  whose  center  is  30  cm  away  from  the  straight  section 
center.  The  phase  advances  between  the  sextupoles  are  changed, 
not  only  A^y  but  as  well.  For  off-energy  particles,  the  big 
beatings  in  the  /?'  s  are  superposed  with  their  chromatic  beatings, 
which  are  quite  big  even  in  WLS-0. 

The  tunes  in  WLS-NC  can  be  adjusted  back  to  the  old  values 
with  the  existing  quadrupoles.  Many  options  are  tried  but  none 
is  satisfactory,  with  the  /?  distortions  on  the  same  scale,  if  not 
larger.  This  proves  that  an  asymmetric  disturbance  can  hardly 
be  pressed  down  by  symmetrically  located  means. 
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Figure  1 .  Lattice  Functions  in  WLS-CAVLS-NC 
III.  THE  COMPENSATION  SCHEME 

To  fiilly  correct  the  /?  distortions,  at  least  4  more  ’’variables” 
are  needed  and  all  of  them  must  be  ’’asymmetric”,  that  is,  in¬ 
dependent  of  other  ring  components.  The  proposed  scheme  re¬ 
quires  4  quadrupoles  to  be  excited  separately.  They  are  the  4 
closest  to  the  WLS  location,  named  as  Q2A,  QIA,  QIB  and 
Q2B,  respectively,  in  the  sequence  as  in  the  beam  motion.  Q2A 
and  Q2B  belong  currently  to  the  QT2  family,  similarly  for  the 
Ql's.  In  WLS-C,  their  K1  values  (normalized  field  gradient,  in 
m“^,  positive ifhorizontally focusing) are:  Q2A,Q2B  =4.7011, 
4.4402;  QIA,  QIB  =  -3.7587,  -2.8912.  (cf.  QT2,  QTl  =  4.5423, 
-3.3352  in  WLS-C  or  4.5741,  -3.3787  in  WLS-0.) 

The  lattice  functions  Py  and  10  x  17 )  in  the  whole  ring 
are  plotted  in  Fig.l,  which  compares  the  functions  with  those  in 
WLS-NC  by  plotting  the  latter  in  thiner  lines  as  a  background. 

The  WLS-C  returns  to  the  WLS-0  working  point,  and  gets 
rid  of  the  big  beta  function  beatings,  having  maximum  p^lpy  = 
18.0/13.9  m.  The  linear  disturbance  of  the  WLS  effect  is  fully 
localized  in  the  WLS  seated  section,  or  between  Q2A  and  Q2B. 
The  supeperiodicity  and  symmetry  of  the  lattice  functions  are 
saved  to  a  large  extent.  The  py  peaks,  that  at  the  injection  point 
included,  are  kept  roughly  the  same  as  in  WLS-0.  This  is  good 
for  beam  injection  performance.  And,  for  all  the  lattice  func¬ 
tions  in  the  bending  magnets,  WLS-C  and  WLS-0  make  little 
difference  (while  WLS-NC  makes  some).  This  should  be  good 
for  the  photon  beamline  users.  The  new  quadrupole  power  sup¬ 
plies  increase  the  flexibility  of  the  ring  lattice,  by  which  other 
improvements  can  be  made  possible.  For  example,  the  authors 
intentionally  reduce  the  77  function  fluctuation  so  that  the  beam 
emittance  in  WLS-C  is  down  to  34  nm-rad,  about  30%  lower 
than  that  in  WLS-0  to  gain  a  factor  of  2  increase  in  the  photon 
beam  brightness,  and  a  little  lower  than  the  emittance  in  Super 
ACO,  which  is  sometimes  taken  as  a  marker  of  the  level  of  those 
so-called  3rd  generation  light  sources. 

Fig.2  gives  tracking  results  for  the  configurations.  Shown 
are  DA  s  for  particles  with  energy  oscillation  at  an  amplitude  of 
0.5%  dE/E  (about  8x  cr^g;),  printed  at  the  injection  point,  roughly 
of  the  size  of  the  physical  aperture,  horizontally  ±10  mm  and 
vertically  20  mm  high,  filled  with  characters  to  mark  the  start¬ 
ing  positions  of  the  particles,  for  those  who  survive  the  1000 
turn  tracking  in  WLS-C  or  ”0”  for  those  who  fail  to.  The  DA  in 


Figure  2.  Dynamic  Apertures  for  Off-energy  Particles 

WLS-C  is  then  drawn  to  include  the  survivors,  with  the  DAs  in 
WLS-NC  and  in  WLS-0  drawn  with  thin  lines  and  broken  lines, 
respectively,  for  comparison.  Also  tracked  are  on-energy  parti¬ 
cles  and  a  few  typical  particles,  whose  betatron  oscillations  start 
with  10x10  to  25x25  cr’s,  with  the  cr's  as  the  standard(r.m.s.) 
beam  sizes,  the  horizontal  one  at  zero  coupling  and  the  verti¬ 
cal  at  full  coupling.  Figures  of  on-energy  DAs  and  phase  space 
plots  for  the  typical  particles  are  omitted. 

The  DA  s  in  WLS-C  are  obviously  larger  than  those  in  WLS- 
NC,  though  still  smaller  than  those  in  WLS-0  to  a  similar  ex¬ 
tent.  The  improvement  is  more  substantial  for  particles  of  large 
amplitudes  in  energy  oscillations  or  in  vertical  betatron  oscilla¬ 
tions.  This  should  turn  to  longer  beam  lifetime  and  faster  injec¬ 
tion  rate.  As  for  the  typical  particles,  a  ”15<r”  particle  may  feel 
somehow  the  same  in  the  3  optics;  but  a  ”20(t”  or  even  ”25(7” 
particle  experiences  a  big  difference,  finding  himself  stable  in 
WLS-C  but  not  in  WLS-NC. 

During  the  search  for  an  ideal  compensation  scheme,  some  at¬ 
tempts  to  use  less  independent  power  supplies  were  made  with¬ 
out  success.  The  WLS  is  located  at  a  ’’double-asymmetric” 
position,  breaking  the  symmetry  not  only  about  the  injection 
point  but  also  about  the  center  of  the  section  where  it  is  in¬ 
stalled.  To  correct  its  influence,  only  the  differences  between 
those  quadrupoles  which  used  to  belong  to  one  family  count  as 
useful  variables. 

The  more  tricky  part  is  about  the  DA  or  the  tracking.  We  had  a 
few  somehow  better-looking  linear  solutions  that,  unfortunately, 
turn  out  to  be  ugly  in  tracking  calculations.  It  is  not  the  case 
when  we  did  similar  work  at  NSRL,  where  we  found  a  good  lin¬ 
ear  effect  compensating  scheme  and  it  behaves  reasonably  well 
in  tracking  studies.  The  NSRL  machine,  HLS  ring,  resembles 
BESSY-1  ring  in  many  respects.  But  there  are  at  least  3  dif¬ 
ferences  to  account  for  why  non-linear  effects  in  BESSY- 1  are 
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relatively  difficult  to  cope  with:  1)  The  WLS  optics  has  a  lower 
beam  emittance,  which  usually  means  a  more  restricted  DA.  2) 
There  are  fewer  sextupoles  in  BESSY-1,  so  their  strengths  have 
to  be  higher.  3)  The  sextupoles  in  BESSY-1  are  asymmetrically 
located,  so  the  ring  is,  in  the  sense  of  higher  order  effects,  an 
asymmetric  ring.  The  optimization  of  the  quadrupole  strengths 
to  assure  a  sufficiently  large  DA  was  time  t^ng,  in  which  main 
progresses  are  made  with  two  key  steps.  First,  (PATRICIA)  is 
able  to  do  harmonics  analysis  for  a  few  sextupole  strengths  re¬ 
lated  functions,  one  of  which  is  responsible  for  on  x-axis  parti¬ 
cle  motion.  A  component  of  sin(iV0a;)  is  found  too  large,  with 
N  =  17,  close  to  ixux.  The  component  should  vanish  if  the 
ring  has  a  superperiodicity  of  two  (then  no  odd  terms)  or  the 
ring  is  symmetric  (then  no  sin-terms).  Efforts  are  made  to  lower 
that  component  and  the  on  x-axis  particles  feel  better.  Second, 
for  off  x-axis  particles,  there  must  be  coupling  between  the  two 
transverse  betatron  oscillations.  In  BESSY-1  it  is  always  the  ver¬ 
tical  amplitude  that  rises  first,  and  the  horizontal  one  follows.  It 
is  because,  among  the  ^’s  at  all  the  sextupoles,  Py  at  the  SD's 
is  the  highest.  The  particles  get  a  vertical  kick,  proportional  to 
its  X  and  y  displacements  multiplied,  at  every  sextupole.  The 
kick  may  be  thought  as  a  vertical  focusing  force  varying,  from 
one  sextupole  to  another,  with  the  horizontal  displacement  x.  If 
the  horizontal  phase  advances  between  the  4  SD' s  are  roughly 
equal,  the  additional  focusing  cancels  over  one  turn.  That  is  how 
the  phase  advances  are  distributed  in  WLS-0,  and  may  be  why 
the  tracking  is  tough  for  far  off  x-axis  particles  in  WLS-NC  and 
in  compensation  schemes.  The  horizontal  defocusing  term,  not 
big  though,  plays  in  this  sense  a  bad  role.  From  this  understand¬ 
ing,  we  use  fitting  calculations  to  make  (it  sounds  strange)  the 
horizontal  phase  advances  between  the  SD’s  as  equally  paced 
as  possible,  even  at  the  cost  that  px  is  a  little  mismatched  (and 
worse-looking,  as  shown  in  the  figures).  This  step  gains  a  lot  in 
the  DA. 


[3]  H. Wiedemann,  Chromaticity  Correction  in  Large  Stor¬ 
age  Rings,  PEP  Note-220,  Sep.  1976. 

[4]  Z.Liu,  Addition  to  PATRICIA,  the  Non-linear  Effects 
Treating  Program,  SSRL  ACD-Note  15, 1984. 

[5]  G.Wuestefeld,  V.Sajaev,  WLS  -  Optic  for  BESSY-I, 
BESSY  Technical  Note,  Aug.  1992. 

[6]  M.Martin,  Supraleitender  Wiggler  bai  BESSY  I, 

BESSY  Technical  Report,  July  1994. 


IV.  CONCLUSION 

As  described  above,  the  proposed  scheme  can  compensate  the 
effect  of  the  planned  6  T  WLS,  keep  its  disturbance  under  an 
acceptable  level  and  make  the  performances  of  the  BESSY-1 
light  source  nearly  the  same  as  when  the  WLS  is  off. 

The  required  hardware  changes  are  four  power  supplies  and 
associated  wiring.  The  new  power  supplies  may  be  of  less  abil¬ 
ity  than  the  currently  used  ones,  or  four  controllable  shunts 
across  the  quadrupoles,  with  the  advantage  that  the  configura¬ 
tion  can  return  to  normal  by  simply  turning  off  the  shunt  cur¬ 
rents. 
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Abstract — Several  new  concepts  in  magnetic  design  and 
coil  fabrication  are  being  incorporated  into  a  design  for  an 
ultra-high  field  dipole  magnet  for  future  hadron  colliders.  The 
16  Tesla  block-coil  dual  dipole  uses  Nb3Sn  cable,  a  simple  pan¬ 
cake  coil  construction,  and  face-loaded  prestress  geometry  to 
achieve  high  magnetic  efficiency  and  stable  stress  distribution 
at  the  limit  of  NbaSn  performance.  A  reverse-field  end  coil  is 
used  to  cancel  the  concentration  of  field  and  stress  at  the  coil 
ends  and  thereby  eliminate  the  dipole  ends  as  a  limit  to  per¬ 
formance. 


I.  Introduction 

The  cost  and  performance  of  a  hadron  collider  are 
largely  determined  by  the  field  strength  and  field  quality  of 
its  superconducting  magnets.  The  dipole  strength  deter- 
mines  the  circumference  of  the  collider  for  a  given  beam 
energy;  the  quadrupole  strength  determines  the  low-beta 
squeeze  of  the  beams  at  the  collision  point;  the  dipole  field 
quality  determines  the  sustainable  luminosity  and  the  com¬ 
plexity  of  correction  elements  required  in  the  collider  lattice. 
As  the  high  energy  physics  community  assesses  its  options 
for  future  hadron  colliders,  magnet  technology  will  set  the 
limits  for  cost,  performance,  and  siting. 

In  conventional  dipole  design*^ ,  a  cos  6  coil  configura¬ 
tion  is  supported  within  a  non-magnetic  collar  within  a  steel 
yoke.  In  a  previous  paper^^^  ,  we  reported  a  design  for  a  16 
Tesla  block-coil  dipole,  consisting  of  a  rectangular  coil  con¬ 
figuration  closely  coupled  to  a  steel  yoke.  It  offers  improved 
magnetic  efficiency,  stable  confinement  of  the  Lorentz 
forces,  and  simple  coil  fabrication.  The  block-coil  dipole  is 
being  developed  in  a  collaboration  between  Lawrence  Ber¬ 
keley  Laboratory  and  Texas  A&M  University.  In  this  paper 
we  report  progress  in  the  design  and  preparations  for  con¬ 
struction  of  short  model  magnets. 

Figure  1  shows  the  overall  magnet  design  and  coil  con¬ 
figuration  for  a  16  Tesla  dual  dipole  utilizing  NbaSn  Ruther¬ 
ford  cable.  Table  I  presents  its  main  parameters.  All  coil 
elements  are  arranged  in  flat  pancake  coils,  in  which  the 
cable  is  oriented  flat  to  the  direction  of  Lorentz  forces.  The 
coil  is  divided  into  three  segments  to  facilitate  grading  of  the 
conductor  with  jc(B)  and  optimization  of  field  quality.  This 
coil  configuration  provides  a  stiff  modulus  for  preload,  a 
simple  procedure  for  coil  winding  and  positioning,  and  a 
compact  current  geometry  for  minimum  amp-tums. 

♦This  work  was  supported  in  part  by  DOE  grant  DE-FG02-9IER40613. 


Figure  1.  Block-coil  dual  dipole:  coil  configuration  and  preload  strategy. 

Table  I 

Parameters  of  Block-Coil  Dual  Dipole 


Peak  Field 

16 

Tesla 

Beam  tube  aperture  radius 

2.5 

cm 

Maximum  current 

9,300 

Amperes 

Operating  temperature 

4.2 

Stored  energy 

4.36 

MJ/m 

Inductance 

101 

mH/m 

Total  turns 

580 

Lorentz  stress 

170 

MPa 

Maximum  jcu  during  quench 

1,100 

A/cm^ 

Overall  cold  mass:  radius 

25 

cm 

mass 

1,260 

kg/m 

Fringe  field  at  cryostat  surface 

.1 

Tesla 

1.  Field  Design 

Figure  2  shows  the  calculated  field  distribution  in  the 
magnet  at  16  Tesla  excitation.  We  have  designed  the  coil 
geometry  to  produce  collider-quality  field  uniformity  (all 
multipoles  bn<  lO’"^  cm  ”)  at  full  excitation  Bo,  using  equal 
current  in  all  three  coils.  The  innermost  coil  segment  ap¬ 
proximates  a  cos  0  distribution;  the  outer  two  segments  are 
planar  current  sheets;  the  gaps  between  coil  segments  are 
made  asymmetric  to  compensate  the  asymmetry  produced  by 
the  opposite  dipole.  We  can  produce  quality  field  at  all  in- 
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Figure  2.  Calculated  field  distribution  in  one  quadrant  of  block-coil  dipole, 
termediate  field  strengths  by  current  programming  the  three 
coil  segments.  Figure  3  shows  the  current  program  as  a 
function  of  excitation  over  a  20:1  djmamic  range. 

Persistent-current  multipoles  and  AC  losses. 

The  pleinar  steel  boundary  above  and  below  each  beam 
tube  serves  to  suppress  the  multipole  fields  induced  by  mag¬ 
netization  currents  in  the  superconducting  strands  as  the 
magnet  is  ramped  from  injection  to  full  field  and  back.  Fig¬ 
ure  4  shows  the  calculated  persistent  current  sextupole  in  the 
block  dipole.  The  hysteresis  at  injection  is  ten  times  smaller 
than  that  in  a  cos  0  dipole  with  similar  filament  size. 

Because  the  cable  elements  are  turned  edge-on  to  the 
magnetic  flux  in  the  coil  region,  AC  losses  should  also  be 
--10  times  smaller  than  in  cos  0  dipoles. 

II.  Coil  Stabilization 

Reverse-Field  End  Stabilization 

In  any  superconducting  dipole,  the  coil  ends  are  one  of 
the  most  challenging  limits  for  high-field  stability.  The 
fields  are  greatest  at  the  ends;  the  forces  are  greatest  in  the 
ends  and  are  difficult  to  preload  around  there;  the  conductor 
is  somewhat  degraded  by  bending  there  so  that  jc(B)  is  less 
there  than  in  the  body  of  the  coil.  All  three  effects  make  the 
end  the  “weak  sister”  of  the  dipole  -  the  first  location  for 
failure. 

We  have  conceived  a  means  to  eliminate  this  problem, 
by  bracketing  the  end  region  with  an  array  of  reverse-field 
coils  which  cancel  -30%  of  the  field  at  the  location  of  the 
end  turns  of  the  dipole  coil.  The  reverse-field  coil  arrange¬ 
ment  is  shown  in  Figure  5.  The  reverse  coils  are  tilted  so 
that  their  field  cancels  part  of  the  primary  field  at  the  coil 
ends  but  does  not  produce  significant  field  on  the  body  por¬ 
tion  of  the  main  coil.  The  reverse  coils  of  course  experience 
large  forces  and  fields.  They  are  supported  within  an  end 
steel  structure  and  are  designed  with  ample  margin  (j/jc  - 
0.5)  and  stability  (Cu:SC  -  2). 


The  essential  novelty  of  the  reverse  coil  is  to  displace  the 
problem  of  end  fields  and  stresses  to  a  compact  coil  which  is 
only  provided  at  the  ends.  The  body  coil  must  be  driven  to 
its  practical  limit,  j/jc  —>90%,  because  most  of  the  collider 
circumference  is  filled  with  dipole  body  and  the  conductor 
dominates  the  magnet  cost.  The  ends,  on  the  other  hand, 
occupy  only  a  few  %  of  the  magnet  length,  and  the  addi¬ 
tional  conductor  to  provide  stable  reverse  coils  is  insignifi¬ 
cant  in  the  overall  conductor  budget. 

Quench  protection. 

With  a  stored  energy  of  2.2  MJ/m  in  each  dipole, 
quench  protection  is  a  critical  consideration  for  reliable 
magnet  operation.  The  parameter  which  is  of  greatest  impor¬ 
tance  in  quench  dynamics  is  the  maximum  current  density 
jcu  which  would  appear  in  the  copper  stabilizer  of  the  cable 
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during  a  quench.  If  jcu<l,100  A/cm  ,  active  quench  protec¬ 
tion  using  appropriate  arrangements  of  clamp  diodes,  limit¬ 
ing  resistors,  and  pulsed  heaters  can  typically  be  used  to 
safely  distribute  a  quench  so  that  a  magnet  consumes  its 
stored  energy  without  overheating  at  any  location.  We  have 
adopted  this  limit  in  the  block-coil  dipole.  Preliminary 
simulations  have  been  made  of  quench  propagation  in  the 
block-coil  dipole  using  a  heater/diode/resistor  protection 
network.  During  a  quench  the  current  decays  with  a  time 
constant  ~0.2  s,  the  maximum  coil  temperature  is  ~430°K, 
and  the  maximum  voltage  is  ~1,300  V. 

III.  Fabrication  Issues 
Coil  preload  strategy. 

The  rectangular  coil  package  and  rectangular  steel  flux 
return  presents  a  particularly  simple  means  for  delivering  a 
uniform  preload  to  the  entire  coil.  The  steel  flux  return  is 
divided  along  the  in/out  bifurcation  of  the  return  flux.  The 
blocks  are  assembled  with  an  aluminum  bar  to  provide  a  gap 
at  room  temperature.  The  gap  closes  as  the  magnet  is  cooled 
down,  and  the  bar  dimensions  are  chosen  so  that  the  gap 
closes  at  4,2°K  and  compensates  the  loss  of  compression 
which  would  otherwise  occur  from  the  differential  contrac¬ 
tion  of  the  coil  and  the  steel.  The  steel  assembly  is  preloaded 
by  wrapping  a  high-strength  steel  banding  around  the  overall 
assembly.  Preliminary  stress  analysis  shows  that  this  ap¬ 
proach  can  be  used  to  provide  a  uniform  laminar  horizontal 
prestress  of  200  MPa  to  the  coil  while  containing  vertical 
coil  dimensions. 

E.  Coil  fabrication. 

The  coils  of  Nb3Sn  Rutherford  cable  must  be  fabricated 
using  the  wind-and-react  method.  We  are  developing  a 
flat/bend  winding  procedure  to  simplify  and  improve  coil 
fabrication.  All  coil  elements  are  wound  as  flat  racetrack 
coils.  Adjacent  pairs  of  coil  elements  are  wound  from  the 
inside  out  from  a  single  length  of  cable,  so  that  all  leads 
emerge  on  the  outside  ends  of  the  coil  package. 

The  racetrack  coil  is  an  ideal  geometry  in  which  to 
eliminate  the  flexure  and  handling  of  the  coil  and  its  insula¬ 
tion  during  fabrication.  It  presents  a  problem,  however,  for 
the  coil  elements  which  flank  each  beam  tube:  they  must  be 
bent  up  and  over  the  beam  tube  at  the  ends.  We  have  devel¬ 
oped  a  procedure  whereby  these  coils  are  also  wound  as  flat 
racetracks,  and  then  bent  at  the  ends  in  a  simple  fixture  so 
that  each  clears  the  beam  tube.  The  final  end  configuration 
can  be  preloaded  using  precast  spacer/tensor  elements. 

Inorganic  cable  insulation  matrix. 

Even  with  the  elimination  of  stress  concentrations,  the 
Lorentz  stress  at  16  Tesla  is  immense  -  170  MPa.  Impreg¬ 
nation  of  the  cable  elements  within  the  coil  is  essential,  both 
to  prevent  stress  concentrations  where  strands  overlap  in  the 
cable  and  to  provide  electrical  insulation  during  quench. 


Figure  5.  Reverse-field  stabilization  of  the  coil  ends  (TOSCA  simulation) 


Conventionally  Nb^Sn  coils  are  impregnated  with  organic 
polymers  after  reaction  bake.  The  poor  heat  conductivity  of 
such  materials  limits  heat  transport  through  the  thick  coil 
package  required  for  a  16  Tesla  dipole.  Both  beam  losses 
and  synchrotron  radiation  produce  substantial  heat  loads  to 
the  inner  coil  elements.  Poor  heat  transport  also  compro¬ 
mises  stability  against  micro-quenches. 

We  are  endeavoring  to  overcome  these  problems  by  us¬ 
ing  an  “inorganic  B-stage”  process  which  would  provide 
inter-strand  mechanical  support  and  electrical  insulation  but 
preserve  an  open  porosity  for  liquid  He  to  permeate  the  coil 
package.  The  approach  is  motivated  by  work  at  Ceramphys- 
ics  and  Westinghouse^^^  ,  Tanaka  et  al.^"^^  ,  and  Shultz  and 
Reed^^^  .  A  glass/ceramic  mixture  is  mixed  with  a  silicone 
binder  to  coat  the  strands  of  each  cable  element  in  the  green 
state  (before  winding).  The  treated  cable  is  sheathed  in  an 
E-glass  wrap  to  provide  inter-cable  isolation.  The  glass 
component  is  chosen  to  have  a  vitrification  temperature  near 
the  high  end  of  the  reaction  bake  cycle.  It  flows  to  uniformly 
fill  the  inter-strand  space.  The  ceramic  component  provides 
powder  reinforcement  of  the  glass  and  local  heat  capacity  at 
4^.  After  the  NbaSn  reaction  bake,  the  insulation  provides 
mechanical  support  and  electrical  insulation  to  each  cable 
element,  but  leaves  open  for  helium  percolation.  Liquid  he¬ 
lium  can  permeate  this  space,  bathe  the  coil,  and  provide 
local  enthalpy  to  stabilize  against  microquenches. 

It  is  a  pleasure  to  acknowledge  the  ongoing  help  of  S. 
Caspi,  F.  Clark,  W.  Kroenke,  A.  Mclnturff,  N.  Munshi,  H. 
van  Oort,  W.  Sampson,  and  C.  Taylor. 

References 


*  R.  Perin,  “Status  of  the  LHC  programme  and  magnet  development”,  Proc. 
Appl.  Superconductivity  Conf.,  Boston,  MA,  October  14-17, 1994» 

D.  DeirOrco  et  al.y  “Fabrication  and  preliminary  test  results  for  a  Nb3Sn  di¬ 
pole  magnet”,  ibid. 

[21 

P.  McIntyre,  R.  Scanlan,  and  W.  Shen,  “Ultra-high-field  magnets  for  future 
hadron  colliders”,  ibid. 

W.N.  Lawless  and  C.F.  Clark,  J.  Appl.  Phys.  64,  p.2729  (1988). 

K.H.  Tanaka  et  al,  IEEE  Trans.  Magnetics  30,  p.251 1  (1994). 

J.  Schultz  and  R.P.  Reed,  “Inorganic  and  hybrid  insulation  materials  for 
ITER”,  MIT  Plasma  Fusion  Center  (1993). 


1464 


AUTOMATED  METHODS  OF  FIELD  HARMONIC  SIGNAL  EXTRACTION 
AND  PROCESSING  FOR  THE  MAGNETS  IN  SUPERCONDUCTING 

SUPERCOLLIDER 

T.SJaffery,  J.Butteris^  and  M.Wake^^ 

SSC  Laboratory,  Dallas,  TX  75237  U.S.A 
^Highland  Technology  Inc.  San  Francisco,CA.94122  U.S.A. 

KEK  National  Laboratory  for  High  Energy  Physics,  Tsukuba,  Japan  305 


Abstract 

A  versatile  field  measurement  system  HAL2  was  developed  and 
used  for  SSC  magnet  measurements.  The  system  based  on  V/F 
converter  and  32  bit  counters  are  set  on  a  VME  /modified  VME 
bus.  The  system  was  capable  of  measuring  the  high  ramp  rate 
harmonics  which  was  a  vital  issue  especially  for  the  construction 
of  SSC  High  Energy  Booster,  System  description  and  the  imple¬ 
mentation  techniques  for  high  ramp  rate  application  is  presented 
together  with  the  measurement  data  in  SSC  dipole  model  mag¬ 
net.  The  measurement  up  to  12% A/ s  was  successful.  Anomaly 
in  the  eddy  current  quadrupole  was  clearly  observed. 

1.  INTRODUCTION 

Measurement  of  magnetic  fields,  generated  by  high  field  mag¬ 
nets  such  as  in  SSC,  with  high  accuracy  is  very  important  to 
fully  understand  the  design  construction,  installation  and  oper¬ 
ations  issues  of  machines  in  which  these  magnets  will  be  used. 
Many  techniques  and  instrumentation  systems  have  been  devel¬ 
oped  and  are  commonly  used  for  magnetic  field  quality  measure¬ 
ments.  Measurement  systems  for  SSC  superconducting  magnets 
were  mostly  developed  and  used  by  the  laboratories  involved  in 
R&D  efforts  of  magnet  development.  The  description  of  the  field 
in  particle  accelerator  is  made  using  a  concept  of  harmonic  com¬ 
ponents.  Very  accurate  measurement  of  the  field  is  done  directly 
measuring  the  harmonic  components.  Such  method  of  direct  har¬ 
monic  field  measurement[l]  in  superconducting  dipole  magnets 
was  found  very  efficient  during  the  TEVATRON  construction  at 
Fermilab  and  became  a  standard  method  for  superconducting  ac¬ 
celerator  magnets.  The  requirement  and  restriction  of  the  mea¬ 
surement  are  different  in  every  case.  SSC  dipole  magnets  are  re¬ 
quired  to  be  measured  in  a  small  space  of  radius  1.6  cm.  First 
priority  of  measurement  was  the  precision  up  to  30  pole  with  DC 
field.  However,  the  eddy  current  effect  in  the  superconducting 
cable  was  found  to  be  much  larger  and  complicated  than  what 
was  estimated  in  the  design  phase[4].  The  field  measurement 
at  high  ramp  rates  became  important.  Such  change  in  measure¬ 
ment  priority  happens  to  superconducting  magnet  project  be¬ 
cause  state  of  the  art  technologies  are  always  under  development. 
The  versatility  of  the  measurement  system  is  thus  an  important 
feature  for  the  measurement  system.  The  system,  named  HAL2, 
described  in  this  paper  is  the  system  used  for  SSC  magnet  R&D 
at  Fermilab.  This  system  allows  to  use  various  kinds  of  harmonic 
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probes  and  measurement  modes.  Although  the  versatility  of  the 
system  is  capable  of  doing  many  other  things,  the  emphasis  is  put 
on  the  high  ramp  rate  measurement  of  the  harmonic  components 
in  this  report.  We  developed  a  technique  of  measuring  harmonic 
components  under  high  ramp  rates  of  up  to  128  A/s  using  the 
HAL2  system  as  described  here. 


II.  FIELD  HARMONIC  COMPONENTS 

The  magnetic  field,  in  the  long  straight  section  of  the  magnet 
can  be  considered  as  two-dimensional  and  the  harmonic  coeffi¬ 
cients  can  be  defined  by  following  equation: 


By  -h  iBx 


Bo  +  £(5„  +  iAo)  (^)” 


(1) 


where  Bq  is  the  dipole  field  strength,  Bx  and  By  are  the  x  and 
y-components  of  the  field,  A„  and  B^  are  the  skew  and  normal 
2(n+l)-pole  field  coefficients  respectively  with  vq  as  the  refer¬ 
ence  radius  chosen  to  be  1cm  for  SSC  magnets.  The  x  and  y 
direction  is  chosen  so  that  the  skew  dipole  term  (Ao)  is  zero  for 
non-zero  transport  current,  and  the  normal  dipole  term  (Bo)  is 
positive  for  positive  transport  current.  The  coefficients  An  and 
Bn  are  in  units  of  Gauss  evaluated  at  the  reference  radius  tq. 
It  is  customary  to  normalize  An  and  Bn  and  suppress  them  by 
a  factor  of  10“^.  These  normalized  resulting  multipole  coeffi¬ 
cients  an  and  bn  are  said  to  be  in  units.  For  a  perfectly  con¬ 
structed  dipole  having  both  up-down  and  left-right  symmetry,  all 
the  terms  except  bn  with  even  n  are  zero.  Even  bn  are  mini¬ 
mized  in  magnet  design  but  have  some  finite  values.  For  n=odd, 
non-zero  bn  and  a„  are  due  to  left-right  and  up-down  asymme¬ 
tries  respectively.  Non-zero  an ,  n=even,  are  caused  by  rotational 
asymmetry.  The  mechanical  size  differences  between  the  up¬ 
per  and  lower  coils  can  be  responsible  for  up-down  asynmietry. 
The  manufacturing  errors  in  a  magnet  can  cause  the  asymmetries 
which  can  lead  to  “non-allowed”  multipole  coefficients.  Simi¬ 
larly  for  a  perfectly  constructed  quadrupole,  the  skew  terms  van¬ 
ish  and  only  the  normal  terms  with  n  =  4m-|-l(m  =  0,1, 2, 3..) 
are  the  “allowed”  components. 


III.  MEASUREMENT  SYSTEM 

HAL2  system  was  used  to  measure  the  field  quality  of  SSC 
R&D  dipole  magnets  in  Lab2  of  Fermilab [6].  The  probe  used  in 
the  field  quality  measurement  is  a  rotating  coil  inside  the  bore  of 
the  magnet.  Geometry  of  the  coil  is  made  so  that  the  coil  picks 
up  the  field  deviation  from  the  magnet  center.  There  are  several 
types  of  measurement  coils.  Multipole  coil  is  used  to  pick  up 


1465 


particular  order  of  multipole.  Radial  coil  is  arranged  in  a  radial 
plane  so  that  it  picks  up  the  difference  of  the  azimuthal  compo¬ 
nent  of  the  field  at  different  radii.  The  one  mostly  used  at  LAB2 
was  a  tangential  coil.  Tangential  coil  picks  up  the  difference 
of  the  radial  components  of  the  field  at  different  azimuth.  The 
coil  was  made  from  formvared  wire  that  were  located  onto  the 
grooved  surface  of  G-10  cylinders  which  has  maximum  rigid¬ 
ity  in  torsion  and  flexion.  The  induced  voltages,  due  to  the  field, 
across  the  coil  terminals  are  integrated  and  sampled  over  equally 
spaced  angular  intervals.  Signal  level  from  the  multipole  fields 
are  smaller  for  slower  rotation  speed  and  to  increase  the  signal 
level  the  coil  has  to  be  rotated  faster.  The  HAL2  rotation  speed 
is  limited  by  the  mechanical  stability  of  the  probe  shaft  system 
otherwise  it  can  accept  wide  range  of  rotation  speed,  the  nominal 
coil  rotational  speed  was  set  at  6Hz.  Commonly  used  measure¬ 
ment  systems  without  integrators[3]  are  operated  in  slower  rota¬ 
tion  speeds  not  only  to  avoid  the  mechanical  vibration  but  also  to 
average  out  the  noises.  Slow  rotation  speed  in  such  system  lim¬ 
its  the  ability  to  measure  high  ramp  rate  harmonics,  because  the 
magnet  current  changes  by  many  amperes  during  a  rotation. 

The  coil  cylinder  is  attached  to  G-10  shafts  that  are  joined 
together  by  journals  made  with  delrin  .  The  twisted  coil  leads 
pass  through  this  shaft.  Bearings  placed  on  the  journals  snugly 
fit  into  the  inner  wall  of  the  warm  bore  tube  when  the  assem¬ 
bly  is  lowered  into  it  for  measurements.  The  other  end  of  the 
shaft  was  connected  to  a  gear  shaft  which  could  travel  vertically 
through  the  entire  length  of  the  magnet  bore.  A  stepping  mo¬ 
tor  controlled  by  a  PC  moved  the  probe  assembly  vertically.  A 
rotational  encoder  module  was  placed  in  series  with  the  probe 
gear  shaft.  The  coil  leads  coming  through  the  G-10  shaft  are  at¬ 
tached  to  slip  rings  or  mercury  wetted  contacts.  The  slip  rings 
or  contacts  transfer  the  coil  signal  from  the  coil  wires  to  the  sig¬ 
nal  processing  system.  A  periodic  noise  introduced  due  to  vi¬ 
bration  across  the  silver  coated  graphite  slip  rings  may  distort 
the  harmonic  signals.  However,  the  use  of  mercury  wetted  con¬ 
tacts  minimizes  these  noise.  The  stepper  motor,  used  for  vertical 
motion  of  the  probe,  had  to  be  completely  stopped  before  taking 
data.  This  is  necessary  to  avoid  the  effect  of  stray  field  from  the 
motor  which  can  affect  the  harmonics  signal. 

HAL2  has  modular  input  channels  with  a  gain/attenuator,  a 
V/F  converter  and  a  scaler.  Normally  the  system  was  oper¬ 
ated  with  6  channels  but  it  can  increase  the  number  of  mod¬ 
ules  easily.  Required  number  of  channels  depend  on  the  con¬ 
figuration  of  the  pick-up  coil  and  the  pole  number  of  the  mag¬ 
net.  The  gain/attenuator  card  converts  the  differential  coil  signal 
into  a  single  ended  signal  with  an  amplitude  gained/attenuated 
to  match  the  range  of  the  V/F  converter.  The  adjustment  of 
gain/attenuation  is  controlled  on-line.  The  V/F  board  has  a  bipo¬ 
lar  AD652  with  1  MHz(  +5  volts)  full  range  V/F  converter  tied 
to  a  2  MHz  quartz  clock  for  timing  signal.  The  TTL  logic  pulses 
from  V/F  converter  were  sent  to  32  bit  scalers  which  can  inte¬ 
grate  the  signal  without  saturation  even  if  the  signal  has  a  offset 
due  to  thermal  emf  and  base  V/F  frequency.  The  scaler  counts 
are  stored  as  the  measurement  data  triggered  by  the  encoder 
pulses.  One  of  the  input  channels  is  used  as  the  dummy  to  sub¬ 
tract  the  base  signal.  External  noises  are  also  cut  down  by  the 
dummy  signal  subtraction.  In  standard  configuration  the  rota¬ 
tional  encoder  with  256  pulses  per  revolution  determined  when 


the  data  was  to  be  sampled.  Each  data  point  represents  an  en¬ 
coder  angle  of  1 .4  degree.  Other  encoder  pulses  such  as  180/ro¬ 
tation  were  also  used  when  the  availability  of  the  memory  size 
is  limited.  Modules  are  installed  on  a  digital/analog  bus  (L2bus) 
and  interfaced  to  VME  bus  through  an  Force  Computer  IPIO 
module  based  on  68000  CPU.  The  data  acquisition  system  used 
a  UNIX  based  real  time  Concurrent  6400  with  a  VME  bus  and  a 
GPIB  interface  through  which  a  HP3457A  DVM  read  the  mag¬ 
net  current.  The  Concurrent  acts  as  a  user  interface  for  the  data 
acquisition  hardware.  An  ethemet  link  on  the  Concurrent  pro¬ 
vided  connection  to  Micro Vax  for  data  transfer  and  off-line  anal¬ 
ysis.  The  use  of  L2bus  is  considered  as  a  transient  to  the  future 
entire  use  of  VME  bus.  The  analog  lines  of  L2bus  were  phys¬ 
ically  separated  from  the  digital  bus  and  it  used  its  own  linear 
power  supply.  Presently  the  VME  bus  is  too  noisy  for  low  level 
analog  signals.  Although  there  are  noise  problems,  VME  is  a 
widely  accepted  standard  bus  and  has  possibilities  to  have  com¬ 
mercial  modules  available  without  using  L2-bus  in  the  future. 
We  think  VXI  is  over  for  low  frequency  application  and  yet,  not 
quite  feasible  to  low  level  signals.  The  schematic  diagram  of  the 
system  is  shown  in  Fig.  1. 


Figure.  1.  System  Schematic  Diagram 

IV.  DATA  PROCESSING 

Since  the  field  quality  measurement  is  a  relative  measurement 
to  the  central  field.  The  signal  is  always  processed  as  the  differ¬ 
ence  between  the  data  at  poriferal  and  the  reference  data  at  the 
center.  It  is  intended  to  cancel  the  effects  of  mechanical  noise 
and  slip  ring  noise  at  the  same  time  when  the  reference  signal  is 
subtracted.  The  reading  of  the  scaler  count  of  the  V/F  converter 
output  as  a  function  of  angular  encoder  pulse  gives  the  magnetic 
flux  as  a  function  of  the  rotation  angle.  The  integration  technique 
,  in  general,  is  immune  to  the  effects  of  probe  speed  variations. 
The  signals  were  normalized  for  geometric  factors  and  amplifier 
gains. 

Since  the  radial  component  of  the  n-pole  field  gives  a  sinu¬ 
soidal  signal  of  period  27r/n,  the  Fourier  components  of  the  sig¬ 
nal  give  the  harmonic  components  of  the  field.  To  get  harmonic 
coefficients  a  Fast  Fourier  Transform  algorithm  was  used  on  the 
flux  data  collected.  Since  the  function  is  periodic  and  the  re¬ 
sult  is  a  Fourier  series  so  the  encoder  having  2^  points  per  turn 
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is  simpler  to  use.  Any  noise,  if  uncorrelated,  reduces  with  the 
square  root  of  the  number  of  points.  When  the  encoder  is  not 
divided  into  suitable  power  of  two  increments,  discrete  Fourier 
transformation  is  used.  Since  physical  location  of  the  rotating 
coil  can  not  be  exactly  at  the  magnetic  center,  there  is  always  an 
off  center  of  Ax  and  Ay.  The  measured  harmonics  have  mixing 
among  terms  because  of  the  off  center.  The  true  harmonics  are: 

b„+*a„  =  ET=n  (  i  )  {h’„+K)iAx+iAy)'^-where,h\ 

and  a!^  are  the  components  given  by  the  Fourier  analysis.  Ax 
and  Ay  are  determined  to  make  unlikely  poles  such  as  17  or  21 
pole  to  be  zero. 

V.  Fast  Ramp  Measurement 

The  HAL2  system  with  a  3.155  cm  diameter  tangential  coil 
was  successfully  used  to  measure  harmonics  at  high  ramp  rates. 
The  encoder  pulse  of  180/rotation  are  generated  to  trigger  the 
measurement.  In  the  standard  configuration  180  data  points  are 
taken  every  rotation  of  the  coil.  The  current  measurement  of 
the  magnet  is  the  average  of  10  line  cycles  readout  by  HP3457A 
DVM.  The  measurement  time  is  limited  by  the  rate  of  data  trans¬ 
fer.  The  data  sampling  rate  was  modified  in  the  acquisition  soft¬ 
ware  to  acquire  faster  ramp  rate  measurement.  The  data  sam¬ 
pling  frequency  was  cut  down  to  90  sample/rotation  so  that  57 
points  of  data  could  be  stored  and  analyzed  at  every  rotation. 
In  this  measurement  method,  57  data  points  at  the  rate  of  6Hz 
were  taken  for  9.5  second  with  an  interval  of  5  seconds  to  repeat 
the  burst.  Simple  software  modifications  allowed  us  to  measure 
harmonics  in  the  magnet,  DSA333,  at  SA/s,  IQA/s,  Z2A/s, 
64A/s  and  128A/5.  SSC  magnets  showed  the  existence  oflarge 
skew  quadrupole  components[2].  This  was  explained  by  the  size 
asymmetry  of  the  upper  and  lower  coils.  However,  some  of 
the  magnets  showed  unexpectedly  large  quadrupole  components 
sensitive  to  the  ramp  rate.  By  making  harmonics  measurements 
at  high  ramp  rates  we  were  able  to  show  the  linear  dependence 
of  eddy  current  harmonics  on  dl/dt.  Fig.  2  shows  the  hysteresis 
width  of  skew  quadrupole  field  at  various  ramp  rates.  This  con¬ 
firms  that  the  large  skew  quadrupole  comes  from  eddy  current. 
Skew  quadrupole  is  created  by  the  eddy  current  distribution  dif¬ 
ference  between  upper  and  lower  coil.  If  such  a  large  effect  in 
skew  quadrupole  component  is  left  for  the  accelerator  construc¬ 
tion,  it  is  influential  to  the  accelerator  operation. 

The  hysteresis  width  linearly  increases  with  ramp  rate  indicat¬ 
ing  that  there  is  a  large  eddy  current  in  SSC  magnets.  The  ori¬ 
gin  of  the  eddy  current  is  due  to  the  contacts  between  strands. 
However,  the  behavior  of  the  eddy  current  is  not  as  simple  as  uni¬ 
form  distribution.  Fig.  3  shows  the  ran^  dependence  of  the  sex- 
tupole  components,  Sextupole  component  is  supposed  to  have 
highest  eddy  current  by  synunetry  but  the  observed  effect  was 
very  small.  Eddy  current  reconstruction  from  the  measured  har¬ 
monics  and  the  ac  loss  data  shows  quite  unequal  distribution  of 
the  eddy  current[5].  Contact  resistance  between  strands  have  to 
be  distributed  in  a  wide  variety.  Control  of  the  contact  resistance 
will  be  an  important  problem  to  be  solved  for  the  construction  of 
large  superconducting  accelerator.  The  magnet  with  larger  cable 
width  such  as  LHC  magnets  will  have  more  serious  problems  on 
this  matter. 


Figure.  2.  Quadrupole  Hysteresis 


Figure.  3.  Sextupole  at  various  ramp  rate 


VI.  CONCLUSION 

A  versatile  magnetic  field  measurement  system  H AL2  was  de¬ 
veloped  and  successfully  applied  for  the  high  ramp  rate  measure¬ 
ment  of  the  harmonic  components.  Data  shown  above  is  the  only 
set  of  128  A/s  data  for  SSC  magnets  to  be  ever  recorded,  and  it 
was  possible  due  to  HAL2.  The  magnets  ramped  at  50 A/ s  or 
higher,  such  as  HEB  of  SSC,  need  to  be  measured  at  their  op¬ 
eration  ramp  rate.  Magnets  with  wider  cable  will  also  have  the 
necessity  for  the  measurement  at  high  ramp  rate.  HAL2  system, 
with  versatility  and  flexibility,  showed  a  prototype  for  the  mag¬ 
netic  field  measurement  system  which  is  suitable  for  the  R&D 
phase  of  the  superconducting  magnet  projects. 

We  would  like  to  acknowledge  the  work  of  many  engineers 
and  technicians  whose  efforts  made  it  possible  to  present  these 
results. 
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Abstract 

To  fulfill  the  need  for  ever  higher  luminosities,  the 
magnitude  of  the  beam  currents  continues  to  increase.  This  is 
true  for  the  electron-positron  rings,  the  hadron  colliders,  and 
the  synchrotron  light  sources.  These  high  currents  bring  a  set 
of  new  and  difficult  challenges.  Both  normal  conducting  and 
superconducting  cavity^»^’^  structures  will  be  considered. 
While  these  two  alternatives  have  significant  differences,  the 
challenges  addressed  are  rather  similar. 

RF  cavities  present  an  impedance  to  the  beam  by  virtue  of 
the  Wakefields  left  behind  in  the  cavity  cells.  This  energy 
extracted  from  the  beam  and  left  behind  has  an  adverse  effect 
on  other  particles  encountering  these  fields.  The  broadband 
impedance  presents  current  stability  thresholds  for  the  beam 
bunches,  both  due  to  the  longitudinal  and  transverse 
impedance  of  the  cavities. 

The  broad  band  impedance  is  characterized  in  a  simple  way 
by  the  Kloss  factor  of  the  cavity.  For  a  given  bunch  length 
and  cavity  shape  Kloss  tells  us  the  HOM  beam  power  loss  and 
the  threshold  of  single  bunch  instabilities. 

The  current  threshold  for  beam  instabilities  depends  on  the 
total  Kloss  for  the  whole  machine  which  includes  all  other 
components  in  the  machine  as  well.  But  the  highest  Kloss 
factors  are  generally  in  the  RF  cavities.  The  total  loss  factor  of 
the  RF  system  is  essentially  the  Kloss  per  cavity  multiplied 
by  the  number  of  cavities.  Therefore  there  is  advantage  in 
having  as  high  a  cavity  voltage  as  possible  in  order  to  reduce 
the  number  of  cavities  and  therefore  the  total  Kloss.  SC 
cavities  typically  provide  3-5  times  higher  the  voltage  than 
copper  cavities  used  for  CW  operation,  as  in  high  current 
storage  rings 

Figure  1  shows  the  shape  of  two  accelerating  cells.  The 
CESR  NRF  cavity  shape  is  typical  of  the  shape  used  for 
copper  cavities.  The  shunt  impedance  is  made  as  high  as  is 
possible  in  order  to  maximize  the  accelerating  field,  5acc>  for  a 
given  amount  of  dissipation  in  the  cell.  The  two  factors 
leading  to  this  high  value  of  R/Q  is  the  small  beam  hole  size 
and  the  reentrant  noses  on  the  cell.  Both  these  factors 
unfortunately  lead  to  high  values  of  Kloss.  All  of  the  NRF 
cavities  that  are  listed  in  Table  1  have  a  cavity  shape  similar 
to  the  left  hand  picture  in  Figure  1. 

♦Supported  by  the  National  Science  Foundation,  with 
supplementary  support  under  the  U.  S.  -  Japan  Agreement 


At  the  other  extreme,  the  shape  on  the  right  in  Figure  1 
approximates  the  shape  used  for  the  SRF  cavities  for  KEK-B, 
CESR-B  and  the  LHC  cavity.  The  shape  is  similar  to  that 
used  in  LEP  II,  HERA  and  TRISTAN,  all  SRF,  but  the  beam 
hole  is  larger  still.  R/Q  of  the  fundamental  and  HOMs  are 
substantially  lower  with  great  benefits  to  the  multibunch 
stability  of  the  beam  as  discussed  below.  The  very  large  beam 
hole  size  is  important  in  damping  all  of  the  cavity  HOMs  in 
order  to  avoid  resonant  buildup  of  the  fields  that  would  cause 
multibunch  instabilities  at  high  currents. 

1011294-007 
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Figure  1:  Comparison  of  Cell  Shapes 


CONSEQUENCES  OF  VOLTAGE  GRADIENT 
In  high  current  systems  the  multibunch  longitudinal 
instability  arising  from  the  fundamental  accelerating  mode  can 
be  very  serious.  In  storage  rings,  beams  are  accelerated  off  the 
crest  for  phase  stability.  This  generates  reactive  power  into  the 
cavity.  In  order  to  compensate  for  the  imaginary  part  of  the 
beam  loading  current  and  to  minimize  the  required  generator 
power,  the  RF  cavity  is  operated  off  resonance.  In  a  high  beam 
current  machine,  the  detuning  frequency  becomes  significant: 

Af/fRF  =  I  (R/Q)  Sin(0)  /  (2Vc) 
where  I  is  the  total  beam  current,  Vq  is  the  cell  voltage,  and  0 
is  the  synchronous  phase. 

For  NRF  cavities,  Af  could  approach  or  even  exceed  the 
revolution  frequency  of  the  beam.  In  this  case,  the  dangerous 
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(O)  -  operating,  the  rest  are  at  various  stages  of  design  or  construction. 

(*)  -  This  design  is  also  intended  to  be  used  on  the  Syn.  Light  Source  at  Orsay. 
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Diss. 

Qloaded 

Qo 

In  Pwr/ 
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HOMQ 

.036  kW 

210^ 

2  10^ 

60  kW 

■EB 

.036  kW 

106 

2  109 

100  kW 

104 

.044  kW 

2.4  105 

109 

100  kW 

103 

70  kW 

8  103 

3.2  104 

280  kW 

103 

90  kW 

1.5  104 

4.8  104 

248  kW 

102-103 

50  kW 

6.5  103 

3  104 

393  kW 

102 

85  kW 

6.5  103 

B 

245  kW 

102 

160  kW 

6  103 

3.3  104 

400  kW 

102 

.02  kW 

2  10^ 

2  10^ 

400  kW 

102 

.05  kW 

21o5 

109 

325  kW 

102 

.05  kW 

109 

150  kW 

Table  1:  Comparison  of  Various  Medium  and  High  Current  Cavities 
multibunch  longitudinal  instability  is  excited  by  the  high  As  we  have  pointed  out,  the  value  for  R/Q  for  the 
impedance  of  the  fundamental  (accelerating)  mode.  One  superconducting  type  cells  is  a  factor  of  several  lower,  and  the 
solution  is  to  use  multiple  levels  of  sophisticated  feedback  quantity  V  is  a  factor  of  several  higher  than  NC  cells.  The  net 
circuits  around  the  klystron-cavity-beam  system.  result  is  that  8f  and  A0  are  both  an  order  of  magnitude  lower 

With  an  SRF  cavity  the  detuning  frequency  is  in  a  superconducting  system  as  compared  to  a  normal 


substantially  reduced  by  virtue  of  the  lower  R/Q  from  the  cell 
shape,  and  the  higher  cell  voltage  made  possible  by  the  higher 
gradient  with  SRF  cavities.  Consequently,  the  values  for 
Af^frev  are  low  and,  therefore,  safe. 

In  the  case  of  p-p  colliders  such  as  the  LHC,  transient 
beam  loading  effects  are  very  important.  High  beam  current, 
high  RF  frequency  and  a  long  revolution  period  along  with  the 
lack  of  synchrotron  radiation  damping  make  the  effect  of 
transient  beam  loading  extremely  important.  The  power 
delivered  to  the  beam  is  negligible  and  therefore  the  beam 
loading  is  almost  purely  reactive.  The  average  effect  of  this 
reactive  component  may  be  compensated  by  detuning  the 
cavities  by  an  amount: 

5f=(R/Q)(fo/2V)Iav 

where  R/Q  is  the  characteristic  impedance  of  the  cavity,  fo  is 
the  frequency  of  the  cavity,  V  the  cavity  voltage  and  lav  the 
average  RF  component  of  the  beam  current.  When  the 
equilibrium  of  the  beam  is  disturbed  as  when  a  new  pulse  is 
added  during  injection,  due  to  the  inherent  slow  response  of  the 
cavity  tuner,  the  transmitter  must  provide  the  transient  reactive 
power  until  the  tuner  settles  to  its  new  equilibrium  position  in 
order  to  avoid  the  excitation  of  coherent  longitudinal 
oscillations. 

Likewise  any  gaps  in  the  train  of  bunches,  in  a  manner  as 
above,  cause  a  phase  modulation  of  the  beam.  The  maximum 
phase  excursion  is  given  by:  A0=(R/Q)  Ib  At 

where  Ib  is  the  maximum  RF  component  of  the  beam  current 
and  At  is  the  gap  in  the  beam.  As  we  can  see  both  of  these 
transient  effects,  8f  and  A0  depend  on  the  quantity  R/QV. 


conducting  system. 

HOM  Resonant  Buildup 

The  effects  of  the  cavity  impedance  on  the  beam  can  be 
drastic  even  at  low  currents  if  there  is  a  resonant  buildup  of 
electric  field  in  the  cavity.  In  Figure  2  is  shown  a  plot  of  R/Q 
versus  frequency  for  the  lower  frequency  HOMs  of  typical 
NRF  and  SRF  cavity  shapes. 


0  1000  2000  3000 


Frequency  (MHz) 

Figure  2:  R/Q  vs.  Frequency  for  NRF  and  SRF  Cavity  Shapes 

As  can  be  seen  the  R/Q  values  for  the  NRF  shapes  are 
higher  in  general  and  therefore,  to  attain  equally  low 
impedances,  NRF  structures  must  be  damped  to 
correspondingly  lower  Q  values.  If  any  of  the  Fourier 
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components  of  the  multibunch  beam  bunch  train  coincide  with 
the  multitude  of  higher  order  resonances  of  the  cavity  then  the 
voltage  in  the  cavity  continues  to  build  up  limited  only  by  the 
Q  of  that  mode  in  the  cavity.  One  may  be  so  fortunate  as  to 
not  have  any  of  the  cavity  resonances  lie  directly  on  one  of 
these  beam  Fourier  frequencies  but  the  only  safe  solution  is  to 
damp  all  of  these  cavity  resonant  modes  to  a  Q  value 
sufficiently  low  to  prevent  the  exponential  growth  of  the 
HOM  field  in  the  cavity  that  will  destroy  the  beam. 

Even  though  the  bunch  lengths  in  the  p-p  machines  are 
much  longer  than  in  the  e-e  machines,  the  lack  of  synchrotron 
radiation  damping  requires  that  the  Qext  values  of  the  HOMs 
be  about  the  same  as  in  the  e-e  machines. 

Comparison  of  Various  Systems 

In  Table  1  are  listed  parameters  of  some  of  the  systems 
that  are  operating  or  are  being  constructed.  A  range  of  currents 
is  shown  but  this  list  does  not  mention  all  of  the  systems  that 
might  have  been  considered.  Of  the  systems  listed,  the  four 
cavities  with  the  highest  planned  current,  namely  PEP  II 
(NRF),  KEK  B-LER  (NRF),  KEK  B-HER  (SRF),  and  CESR 
B  (SRF)  will  be  examined  in  greater  detail  and  comparisons 
will  be  made. 

PEP  11 

The  first  system  to  be  considered  is  the  accelerating 
cavities  planned  to  be  used  with  the  PEP  II B  Factory.  This  is 
an  NRF  cavity  that  has  been  specifically  designed  to  encounter 
the  challenges  of  very  high  electron  currents.  As  can  be  seen 
in  Table  1,  the  gradients  are  as  high  as  0.8  MV/cell.  This 
value  has  required  careful  engineering  of  the  water  cooling  of 
the  cavity  to  prevent  overheating  of  the  inside  copper  surface. 

1011294-002 


The  input  power  per  cell,  up  to  400  kWatts,  is  coupled  in 
through  a  planar  waveguide  window then  into  the  cell  with 


either  a  loop  or  an  iris.^^  Some  of  the  HOM  power  (TMo21 
mode)  will  be  coupled  out  through  the  input  coupler.  The 
damping  of  the  rest  of  the  HOMs  with  significant  R/Q  is 
accomplished  with  three  waveguide  coupling  slots.  The 
insertion  of  these  three  slots,  unfortunately,  further  increase 
the  peak  dissipation  density  of  the  fundamental  mode  to  as 
high  as  70  W/cm^. 

A  drawing  of  the  Accelerating  station  "Raff  that  would  be 
used  in  both  the  LER  and  the  HER  rings  is  shown  in  Figure 
3.  As  can  be  seen,  the  damping  Waveguides  are  folded  back 
along  the  beam  line  to  make  as  compact  a  package  as  possible 
that  could  be  preassembled  and  tested  and  then  placed  in  the 
rings.  It  is  expected  that  the  overall  system,  consisting  of  34 
cavities  damped  to  Q  values  of  100  or  less^^,  will  require  a 
rather  high  power  longitudinal  multibunch  feedback  system  in 
order  to  prevent  any  instabilities. 

KEK  LER  Accelerating  Cavity 

This  cavity  (Figure  4)  is  rather  unique  in  all  the  high 
current  cavities.  It  is  made  of  three  separate  cavities  coupled 
together  in  a  way  to  give  special  advantages  in  the  acceleration 
of  high  currents.  The  one  cell  is  for  acceleration,  the  second 
cell  is  for  coupling  and  the  third  cell  is  for  energy  storage. 

1011294-003 


Figure  4:  KEK  B  LER  Accelerating  Cavity  System 

Three  cells  give  rise  to  three  resonant  frequencies  in  the 
TMOlO  accelerating  mode.  The  nl2  mode  is  used  for 
acceleration.  In  this  mode  there  is  little  energy  in  the  coupling 
cell  so  the  cell  is  heavily  damped.  In  the  0  and  n  modes,  the 
coupling  cell  has  energy  and  are  therefore  heavily  damped. 

The  damping  of  the  HOMs  is  done  in  the  accelerating 
cell.^^  There  is  a  choke  joint  at  the  equator  of  this  cell.  The 
accelerating  mode  is  stopped  and  little  energy  is  lost.  All  other 
modes  are  transmitted  by  the  choke  joint  and  heavily  damped 
by  the  load.  This  arrangement  is  shown  in  Figure  5. 
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These  features  give  the  following  results.  The  HOMs  are 
heavily  damped  in  the  accelerating  cavity  and  the  energy  of  the 
system  has  been  increased  without  adding  to  cavity 
dissipation.  The  effective  fundamental  mode  R/Q  of  this  three 
cavity  system  is  only  10-15  Cl.  The  increase  in  the  stored 
energy  has,  of  course,  decreased  the  negative  effects  usually 
encountered  in  NRF  cavities  associated  with  reactive  beam 
detuning  without  increasing  the  wall  dissipation  in  the 
accelerating  cell. 

The  usual  challenges  associated  with  the  high  power  input 
coupler  are  essentially  the  same  as  in  the  PEP  II  cavity.  The 
one  advantage  is  that  the  input  coupler  can  be  located  on  the 
storage  cell. 
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Figure  5:  KEK  B  LER  Accelerating  Cavity  Damping 


SRF  Cavities 

There  are  two  cavities  that  have  been  manufactured  and 
tested  that  are  of  the  so  called  "single  mode”  type.  These 
cavities  are  the  KEK  B  SRF  cavity  and  the  CESR  B  cavity. 

The  basic  concept  for  both  of  these  is  to  have  the  beam 
tube  on  one  or  both  ends  of  the  cell  of  adequate  diameter  such 
that  all  cavity  modes  above  the  fundamental,  both  longitudinal 
and  transverse,  propagate  in  a  waveguide  mode  through  the 
beam  tube.  The  only  mode  trapped  in  the  cell  is  the  TMqio 
accelerating  mode.  A  sketch  of  these  two  cavities  is  shown  in 
Figure  6  and  Figure  7. 

All  of  the  longitudinal  modes  except  the  fundamental  mode 
propagate  out  both  ends  of  the  cavity  but  this  120  m  radius 
size  will  not  pass  the  two  lowest  dipole  modes,  the  TEi  1 1  and 
the  TMiio-  The  solution  adapted  by  KEK  is  to  make  the 
beam  tube  large  enough  on  one  end  to  pass  these  transverse 
modes.  The  method  used  by  Cornell  is  to  use  a  fluted  shape 
which  has  a  lower  cutoff  frequency  for  the  transverse  modes 
without  affecting  the  decay  rate  of  the  trapped  TMqio  mode. 
This  allows  the  length  of  the  beam  tube  on  both  ends  to  be 
equal,  giving  a  shorter  overall  length. 

The  method  employed  for  damping  the  HOMs  in  the 
KEK^^  and  the  Cornell  B  Factory  cavity  designs^^  are  to  line 


a  section  of  the  beam  pipe  at  room  temperature  at  the  large 
diameter  with  a  lossy  ferrite.  With  this  damping  material  the 
HOM  Q  values  have  been  measured  on  the  CESR  B  cell  and 
all  fall  within  the  limit  of  Q  <=  100  for  all  modes.^^ 

A  possible  problem  with  this  type  of  HOM  damping  is 
that  the  beam  pipe,  lined  with  ferrite  or  other  lossy  material, 
is  subject  to  the  fields  generated  by  the  beam  directly.  This 
will  increase  the  broad  band  impedance  of  overall  system  due 
to  the  lossy  beam  pipe.  This  effect  has  been  examined  and 
measured  and  found  to  cause  no  difficulty  to  the  beam  even 
though  the  HOM  loads  must  be  able  to  handle  a  few  extra 
kWatts  of  power  deposited  directly  by  the  beam  at  beam 
current  levels  of  1  Ampere.^ ^ 


RF  Power  Input  Couplers 

All  of  the  high  current  cavities  share  the  challenge  of  very 
high  input  power  (300-400  kW/cell).  This  is  true  of  both 
NRF  and  SRF  designs.  As  we  have  seen,  the  PEP  II  design  is 
undecided  as  to  whether  they  will  use  an  aperture  coupler  or  a 
loop  coupler  but  they  have  decided  upon  a  planar  waveguide 
window.  They  are  presently  manufacturing  such  a  window. 
The  KEK  NRF  design  will  use  a  coaxial  window  input  with 
antenna  into  the  storage  cavity.  Likewise  with  the  KEK  SRF 
design  they  have  chosen  the  type  of  coupler  with  which  they 
have  experience,  a  coaxial  window  with  antenna  into  the  beam 
pipe. 
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In  the  CESR  B  design  a  planar  waveguide  window  is 
chosen  followed  by  a  resonant  aperture  between  the  waveguide 
and  the  beam  tube.  A  prototype  of  such  a  window  has  been 
made  and  tested.  A  pair  of  these  windows  have  been  tested  to 
250  kWatts  CW  traveling  wave  and  to  a  power  level  of  125 
kWatts  of  reflected  standing  wave,  into  a  short.^^  A  new 
window  of  a  different  design  has  been  procured  and  the  results 
of  this  test  will  be  reported.^^ 

During  the  vertical  test  of  this  cavity,  the  input  waveguide 
was  resonated  with  a  superconducting  short  so  that  the  energy 
and  field  levels  in  the  coupler  and  input  waveguide  were  the 
same  in  the  vertical  test  as  they  will  be  in  final  operation.  A 
weakly  coupled  probe  was  used  to  drive  this  waveguide 
resonator  up  to  full  cavity  field  levels.^^ 

Test  Results 

A  prototype  PEP  II  cavity  at  low  power  has  been  built  and 
tested.  The  HOMs  have  been  measured  and  all  modes  are 
damped  to  the  desired  amount.  High  power  feedback  will 
however  be  required.  A  high  power  test  cavity  and  high  power 
window  are  under  construction. 

The  KEK  NRF  cavity  is  in  the  design  stage  with  a  low 
power  prototype  under  construction.  The  KEK  SRF  cavity  has 
been  built  and  tested  in  a  vertical  dewar.  In  these  tests  the 
cavity  achieved  the  desired  field  of  10  MV/m  at  a  Qo  value  of 
1  10^.  Measurements  have  been  made  at  low  level  of  all  the 
HOM  damping  and  found  to  be  satisfactory. 

The  CESR  B  cavity  was  tested  in  a  vertical  dewar  and 
achieved  10  MV/m  at  a  Qo  value  of  1  10^.^^  A  beam  test  has 
been  made  in  CESR  with  the  CESR  B  cell  cavity.^^^^  Beam 
currents  as  high  as  220  mA  with  27  bunches  and  single  bunch 
currents  to  41  inA  were  accelerated  by  the  cavity  with  no  beam 
instabilities.  This  current  value  was  not  limited  by  the  cavity 
but  was  limited  by  beam  induced  heating  of  other  components 
in  CESR.  This  beam  current  limit  was  unaltered  by  the 
presence  of  the  SRF  cavity.  The  HOM  power  extracted  from 
the  cavity  and  absorbed  by  the  HOM  loads  was  as  high  as  2 
kWatts.  Experiments  were  also  performed  with  the  TMqio 
cavity  mode  detuned  and  with  no  RF  drive  to  see  if  a  resonant 
buildup  of  RF  fields  could  be  measured  as  the  cavity  frequency 
was  scanned  by  as  much  as  100  kHz.  The  Q  of  all  the  modes 
was  low  enough  to  prevent  significant  field  buildup  in  the 
cavity  or  beam  instabilities. 

Experiments  were  also  made  to  measure  the  maximum 
power  that  could  be  transferred  to  the  beam.  155  kW  was 
achieved.  This  value  was  limited  not  by  cavity  or  coupler 
behavior  but  by  electronic  driven  vacuum  deterioration  at  the 
window.  As  mentioned,  a  new  window  design  will  be 
tested.^^  A  second  cavity  and  cryostat  will  be  placed  in  CESR 
for  a  long  term  beam  test. 

Conclusions 

The  first  generation  of  cavities,  both  NRF  and  SRF, 
operating  at  currents  up  to  several  hundred  mA  have  been 
successful.  They  have  operated  much  as  predicted  and  the 
reliability  has  been  satisfactory.  The  next  step  has  yet  to  take 


place,  namely,  the  cavities  operating  at  currents  of  1-2 
amperes. 

At  ever  higher  currents  the  problems  associated  with  RF 
windows  and  input  couplers  become  increasingly  challenging 
and  the  differences  between  SRF  and  NRF  become  less 
significant  as  the  voltage  per  cavity  is  limited  by  the  power 
input  capabilities. 

The  ultimate  test  for  this  next  generation  of  high  current 
superconducting  cavities  will  take  place  when  accelerators  are 
operating  with  planned  higher  currents. 
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PERFORMANCE  OF  NORMAL  CONDUCTING  STRUCTURES 

FOR  LINEAR  COLLIDERS 

Toshiyasu  Higo,  KEK,  National  Laboratory  for  High  Energy  Physics 
1-1  Oho,  Tsukuba-shi,  Ibaraki-ken  305,  Japan 


In  the  present  paper  are  described  the  status  of  the  design, 
fabrication  and  various  performance  studies  such  as  the  high- 
field  characteristics  and  the  wake  fields  on  the  accelerating 
structures  for  the  linear  collider  linacs  in  such  projects  as 
CLIC,VLEPP,  NLC,JLCandSBLC[l]. 

The  structure  design  and  the  fabrication  of  the  structures 
for  the  single-bunch  machine  has  almost  finished,  while  those 
of  the  structures  for  the  multi-bunch  operation  are  in  progress. 
For  the  design  of  the  latter  structures,  various  calculation 
methods  of  the  long-range  wake  field  are  being  discussed  in 
addition  to  the  experimental  evaluation  of  the  HOM 
parameters. 

A  direct  measurement  of  the  long-range  wake  field  in  a 
detuned  structure  was  successfully  performed  and  was  proved 
to  be  a  nice  tool  for  the  evaluation  of  design  and  fabrication  of 
the  structure.  In  addition,  the  beam  induced  dipole  modes 
coming  out  of  the  coupler  into  wave  guide  was  measured 
which  makes  it  possible  to  use  the  accelerating  structure  as  the 
BPM. 

A  heavily  damped  choke-mode  structure  at  S-band  was 
tested  at  high  power  showing  stable  operation  at  more  than 
50MV/m.  Another  choke-mode  structure  with  integrated 
damping  loads  is  in  progress. 

Stable  operations  of  the  disk-loaded  structures  from  S- 
band  to  30GHz  were  verified  at  the  design  fields. 

Fabrication  studies  are  proceeded  in  all  projects  focusing 
on  various  issues  such  as  a  good  alignment,  cheapness  and 
less  dark  current. 

L  INTRODUCTION 

A  review  paper  on  the  linear  collider  structures  was 
presented  by  the  author  at  the  previous  conference[2]  and  the 
present  paper  is  focused  on  the  later  progress. 

Accelerating  structures  for  linear  collider  main  linac  are 
designed  as  at  a  high  frequency  as  possible  from  the  structure 
efficiency  point  of  view.  However,  higher  frequency 
structures  cause  larger  wake  fields  which  increase  the 
emittance  both  in  single-bunch  and  multi-bunch  machines. 
Though  there  are  various  beam-based  correction  schemes 
proposed  to  suppress  these  effects,  the  structure  should  also  be 
designed  to  suppress  the  wake  field  itself. 

The  designs  of  the  structures  for  the  single-bunch 
machines  were  almost  fixed.  The  fabrication  of  the  prototype 
structures  were  finished[3,4]  and  the  high  power  performance 
of  those  structures  are  in  progress. 

On  the  other  hand,  the  design  of  the  structure  for  the 
multi-bunch  operation  should  have  significant  considerations 
of  the  higher  order  modes  in  the  structures  and  various  designs 
are  still  discussed.  Even  in  CLIC,  the  feasibility  study  on  the 


multi-bunch  operation  by  re-designing  of  the  structure  has 
been  started  in  order  to  increase  the  luminosity [5]. 

A  straightforward  way  of  reducing  the  long-range  wake 
field,  damping  HOM  field  heavily  toward  outside  accelerating 
cell,  was  proposed  in  a  choke  mode  structure.  An  S-band 
choke-mode  structure  was  tested  in  high  power  and  proved  the 
stable  operation  at  50MV/m[6]. 

Another  idea  to  reduce  the  long-range  wake  field, 
cancellation  among  the  wake  fields  of  all  modes  by  detuning 
of  HOM  frequencies  of  the  cells,  has  been  considered[7].  To 
accomplish  the  cancellation,  it  is  necessary  to  keep  the  HOM 
frequency  distribution  very  well  or  to  incorporate  a  medium 
damping  mechanism.  Various  approaches  are  studied  and 
presented  in  the  present  paper  such  as  the  possibility  of  pure 
detuned  structure  realized  with  precise  fabrication 
technique[8],  medium-damped  detuned  structure[9]  and  the 
detuned  structure  with  some  heavily  damped  cells  [10]. 

Prototype  structures  have  been  fabricated  in  all  of  the 
projects.  In  the  process,  various  important  experiences  such  as 
the  alignment  of  the  cells  in  a  structure  are  being  obtained. 
Studies  on  the  high  field  operation  of  those  structures  are  also 
performed.  It  was  proved  that  the  stable  operation  of  the 
structures  at  the  accelerating  field  of  the  initial  stage  of  the 
linear  colliders  was  quite  easily  obtained.  Some  of  these 
recent  results  are  reviewed  in  the  present  paper. 

II.  REQUIREMENTS  FOR  THE  STRUCTURE 

Typical  design  parameters  related  to  the  accelerating 
structures  are  depicted  from  the  parameters  in  reference  [11] 
and  listed  in  the  following  table  for  reminding  in  mind  the 
rough  idea  of  each  approach.  In  order  to  preserve  the  single¬ 
bunch  emittance,  the  alignment  of  the  beam  hole  aperture  is 
essential.  The  tolerances  in  the  case  of  multi-bunch  operation 
depend  on  the  details  of  the  HOM  characteristics  and  the 
alignment  of  the  cells  where  most  of  the  stored  energy  exists. 
Design  accelerating  field  are  determined  mainly  from  the 
available  RF  power  generation  scheme  aiming  at  the  low  and 
initial  version  of  cm  energy  of  each  project. 


Table  1.  Typical  parameters  of  structures. 


CLIC 

VLEP 

NLC 

JLC 

SBLC 

Freq  [GHz] 

30 

14 

11.4 

11.4 

3 

Bunch  Space 

10 

- 

16 

16 

48 

#  Bunch 

1-10 

1 

90 

85 

125 

Field  [MV/m] 

80 

100 

50 

73 

21 

Length  [m] 

0.28 

1 

18. 

1.3 

6 

Filling  [ns] 

11.6 

no 

100 

no 

800 

Align  [  tim] 

5 

1 

6 

1 

30 
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Kick  Factors  of  linear  tapered  21 -cell  structure 


Fig.  1.  Kick  factors  of  21-cell  structure. 

IV.  DAMPED  STRUCTURE 

The  study  on  heavily  damped  structures  for  linear 
colliders  was  initialed  from  the  structure  with  radial  slots  in 
the  disk.  The  structure  with  circumferential  slots  in  a  cell  was 
also  studied  as  a  candidate  for  the  heavily  damped  structure. 
However,  the  application  of  these  structures  for  heavily 
damped  scheme  was  almost  closed  due  to  the  reduction  of  the 
Q  value  of  the  accelerating  mode  in  addition  to  the 
complicated  shape  of  the  cells.  However,  this  heavily  damped 
cell  is  studied  aiming  at  the  damped  cells  for  SABLE,  where 
several  cells  out  of  180  are  heavily  damped  serving  as  a 
medium  damping  for  particular  modes  of  the  whole 
structure[9]. 

An  extreme  of  the  above  circumferential  slot,  i.e.  opening 
the  slot  over  27C  while  trapping  the  accelerating  mode  inside 
the  cell  by  choke,  was  proposed[5].  This  choke-mode 
structure  damps  almost  all  the  relevant  modes  in  the  cell  with 
sacrificing  the  shunt  impedance  of  the  accelerating  mode  by 
only  25%  by  mainly  establishing  the  field  in  the  choke.  An  S- 
band  choke-mode  structure  with  12  choke-mode  cells,  though 
without  loads  for  HOM,  and  two  coupler  cells  was  fabricated 
for  a  proof  of  the  high  power  operation  and  tested  in  high 
power[5].  The  structure  was  conditioned  up  to  50MV/m  and 
accelerated  beam  without  any  problem.  A  prototype  structure 
with  choke-mode  cells  with  HOM  loads  equipped  and 
collinear  loads  at  the  end  of  the  structure,  making  the  vacuum 
vessel  insertion  simple,  is  under  design[12]. 

V.  DETUNED  STRUCTURE 
A.  Estimation  of  wake  fields 

Various  codes  to  estimate  the  wake  field  in  the  structure 
with  detuning  of  the  HOM  frequencies  were  reviewed  in  the 
previous  paper[2].  Those  estimations  should  be  proved 
experimentally. 


Direct  MAFIA  calculation[13,14]  of  21-cell  linear  tapered 
structure  was  compared  with  open  mode  expansion 
method[15].  The  results  are  plotted  in  the  following  figure. 
The  agreement  is  quite  nice  at  least  for  the  structure  with  this 
small  number  of  cells. 

The  frequencies  of  another  structure,  a  28-cell  detuned 
structure  was  evaluated  by  using  the  open  mode  expansion 
technique  and  compared  to  those  measured  showing  good 
agreement,  while  the  measurement  of  the  kick  factors  was  too 
difficult  to  compare  with  those  calculated[15].  The 
frequencies  agree  within  0.1%  for  almost  all  high  kick  factor 
modes.  Similarly,  the  study  on  36-cell  structure  was  started  to 
evaluate  the  kick  factors[16]  and  compare  with  those 
calculated  by  such  as  the  mode  matching  technique[17]. 

B.  Damped  Detuned  Structure 

In  order  to  keep  the  wake  field  below  the  tolerable  level  at 
longer  time  range  of  say  50'th  bunch  or  later,  the  medium 
damping  mechanism  seems  hopeful.  A  simple  way  to  realize 
this  condition  is  to  make  the  Q  values  of  higher  modes  in  all 
of  the  cells  less  than  2000  at  X-band[18].  To  reduce  the 
number  of  loads  and  make  them  reside  far  from  the 
accelerating  cells,  a  manifold  damping  mechanism  was 
proposed[8].  This  structure  is  called  Damped  Detuned 
Structure,  DDS,  and  seriously  considered  to  study  in 
fabrication,  high  power  and  wake  field  point  of  view. 

C  Lossy  cells 

An  old  idea  of  the  Kanthal  coating  on  the  copper  cells 
near  the  beam  hole  was  proposed  to  reduce  the  Q  value  of  the 
higher  modes  while  keeping  that  of  the  accelerating  mode 
fairly  small[19].  The  Q  values  of  the  dipole  modes  can  be  a 
few  thousands  at  S-band  while  maintaining  the  reduction  of 
the  accelerating  mode  less  than  10%.  This  technique  will  also 
be  applicable  to  replace  the  output  coupler  cell  with  several 
lossy  cells. 

D,  Coupler  designs 

The  extensive  studies  on  the  coupler  for  SBLC  is 
continuing[20].  The  coupler  has  symmetrical  inputs  which 
makes  the  transverse  kick  due  to  the  accelerating  mode 
negligibly  small  and  also  absorbs  the  dipole  modes  of  one  of 
two  polarizations.  The  dipole  modes  of  another  polarization 
are  absorbed  into  the  other  two  ports  which  are  opened  at  the 
position  perpendicular  to  the  input  ports.  These  ports  can  be 
used  for  the  beam  position  monitoring  in  the  structure. 

VI.  MEASUREMENT  OF  LONG  RANGE  WAKE 
FIELD 

A  direct  measurement  of  the  wake  field  of  a  1.8m 
detuned  structure  was  performed  at  ASSET  using  SLC 
beam[21].  The  results  was  shown  in  the  Fig.  2  with  those 
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Wake  field  of  SLAC  206-ceII  structure 
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Fig.  2.  Envelope  of  the  wake  field  of  SLAC  L8m 
structure.  Dots  are  those  calculated  and  open  circles  are 
those  measured. 


estimated  by  open  mode  expansion  method[15].  The  measured 
wake  field  is  in  fairly  good  agreement  with  that  calculated, 
showing  non-negligible  contribution  from  those  of  higher 
modes  than  second  dipole  pass  bands  in  the  region  of  up  to 
30ns.  It  should  be  noted  that  there  still  remains  the 
disagreement  later  than  60ns,  which  should  be  understood. 

This  experiment  was  proved  to  have  the  sensitivity  of 
O.lV/pC/mm/m.  Since  the  rule  of  thumb  of  the  required 
damping  for  X-band  structure  is  1/100,  this  sensitivity  is  large 
enough  to  practically  judge  the  wake  field  of  the  structure.  It 
also  makes  the  serious  checking  of  the  theoretical  estimations 
possible. 

The  beam  induced  powers  of  the  dipole  modes  extracted 
from  both  input  and  output  coupler  of  the  SLC  accelerating 
structure  were  measured.  Some  modes  were  linearly 
correlated  to  the  beam  transverse  position,  indicating  the 
possibility  to  use  this  signal  for  the  BMP[22].  A  similar 
experiment  will  be  performed  in  the  ATF  for  the  VLEPP 
14GHz  structure  equipped  with  the  high  precision  BPMs  to 
detect  the  power  output  from  the  coupler  cells  [23]. 

VIL  HIGH  FIELD  CHARACTERISTICS 


The  30GHz  structure  was  tested  in  CTF  by  feeding  the 
power  extracted  from  the  same  type  of  cavity  into  the  test 
cavity.  The  accelerating  field  of  94MV/m  in  12nsec  duration 
was  obtained  without  any  sign  of  the  breakdown[10].  This 
field  is  above  the  design  field  of  the  CLIC. 

The  X-band  short-length  structures  were  proved  to  be 
operated  at  over  than  lOOMV/m.  The  dark  current  from  26-cm 
structure  at  125MV/m  was  2mA,  while  that  at  50MV/m  was  a 
few  |xA[10].  The  tolerable  amount  of  the  dark  current  and  its 
characteristics  should  be  studied  especially  in  full-size 
structure.  The  high  power  testing  of  the  NLC  detuned  1.8m- 
structure  showed  the  operation  at  the  50MV/m  level  is  quite 
feasible  and  the  test  with  more  peak  power  is  in  progress. 

A  5.2m-structure  was  fabricated  as  a  test  of  fabrication 
and  high  power  operation  for  the  structure  of  6m-structure  of 


SBLC[24].  The  required  level  of  accelerating  field  was  easily 
obtained. 

X-band  structure  showed  a  stop  band,  where  no  field 
emitted  electrons  cannot  come  out  of  the  structure  with  more 
than  100  cells  even  above  the  critical  gradient[26]. 

VIIL  FABRICATION 

The  cells  in  any  structure  for  the  linear  collider  should  be 
aligned  to  make  the  emittance  preservation.  The  alignment 
tolerances  for  the  structures  above  11  GHz  are  ranging  from  a 
micron  to  ten.  The  short  stack  of  the  cells  proved  to  be  made 
within  several  microns  such  as  shown  in  the  30-cm 
structure[27].  A  1.2m  stack  of  X-band  cells  was  also  tried  and 
the  alignment  of  better  than  40|im  was  observed[28].  The 
structures  for  the  multi-bunch  operation  with  keeping  the 
wake  field  low  by  detuning  need  the  precise  alignment.  The 
R&D’s  for  the  better  alignment  during  the  fabrication  or 
correction  scheme  are  in  progress. 

All  of  the  structure  except  JLC  seem  to  adopt  the 
frequency  tuning  after  joining  cells  at  fairly  high  temperature. 
In  order  to  control  the  higher  mode  frequencies  well  and 
possibly  reduce  the  mass  production  cost,  the  JLC  X-band 
activity  keeps  the  R&D  on  fabrication  without  tuning.  The 
diffusion  bonding  seems  to  be  a  promising  technique  to  make 
the  bonding  of  the  cells  without  large  deformation  of  the  cells 
resulting  in  a  good  frequency  control  capability.  Several  30- 
cm  structures  were  fabricated  at  various  diffusion  parameters 
and  will  be  high  power  tested  to  examine  the  feasibility  of 
high  field  operation.  Up  to  now,  no  limitation  arising  from  the 
structure  itself  was  observed.  However,  the  detailed  studies  on 
the  prototype  structures  should  be  performed. 

No  evidence  of  breakdown  of  the  30GHz  structure  stated 
above  may  reflect  the  fact  that  the  field  emitted  electrons 
cannot  transmit  more  than  one  cell  unless  the  accelerating 
field  exceeds  the  critical  gradient  of  more  than  200MV/m  at 
such  a  high  frequency  as  30GHz.  The  simulation  results  on 
X-band  structure  show  the  trapping  of  the  field  emitted 
electrons  inside  structure  even  above  the  critical  gradient  of 
60MV/m  for  the  structure  with  more  than  100  cells  while  the 
amount  of  the  dark  current  measured  smoothly  increases 
above  50MV/m[  10,25]. 


Table  1  High-Field  Experimental  Results 


Frequency 

GHz 

3 

11.4 

11.4 

30 

Length 

m 

5.2 

0.26 

1.8 

0.3 

Type 

CG 

a 

Det. 

CZ 

Input 

MW 

80 

69 

105 

69 

Eav 

MV/m 

21 

125 

55 

94 

Pulse 

ns 

SLED 

150 

75 

12 

Fill  Time 

ns 

750 

74 

100 

11.6 

1476 


IX.  SUMMARY 

The  design  accelerating  fields  were  already  verified  in  the 
test  structures  in  almost  all  of  the  projects.  It  is  to  be  noted 
that  the  test  of  CLIC  30GHz  structure  did  not  show  any  sign 
of  the  break  down.  The  further  studies  of  fabrication  of  the 
prototype  structures  are  in  progress.  One  of  the  main  studies 
being  performed  is  to  obtain  the  required  straightness  of  the 
structure.  In  addition,  the  design  studies  to  suppress  the  effect 
of  the  transverse  higher  modes  in  detuned  structures  are  in 
progress.  Theoretical  estimations  are  compared  to  those 
calculated  by  such  a  code  as  MAFIA,  those  measured  in  cold 
test  stack  or  those  obtained  by  the  actual  measurement  of  the 
wake  field  using  two  beams,  drive  and  test  beam.  A  heavily 
damped  structure  of  choke-mode  type  will  be  fabricated  to 
study  the  wake  field  performance  in  addition  to  the  high  field 
characteristics.  The  design  and  fabrication  of  the  prototype 
structures  can  be  checked  on  their  wake  fields 
experimentally. 
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Abstract 

Superconducting  Radio-Frequency  (SRF)  cavities  are  a 
promising  technology  for  the  next  generation  of  electron  posi¬ 
tron  colliders.  In  order  to  apply  SRF  technology  in  such  ma¬ 
chines,  accelerating  gradients  must  be  improved,  from  the  5  to 
10  MV/m  level  achieved  in  accelerators  today,  to  the  range  of 
20  to  30  MV/m.  The  state  of  the  art  in  high  gradient  SRF 
technology  will  be  discussed.  Topics  include  achieved  cavity 
performance,  fabrication,  preparation,  handling,  and  processing 
techniques.  Significant  progress,  e.g.  multi-cell  cavities  with 
gradients  >  25  MV/m  and  single-cell  cavities  with  gradients  > 
40  MV/m,  has  been  achieved  over  the  past  several  years  to¬ 
wards  the  goal  of  increased  gradients.  The  major  improve¬ 
ments  have  been  in  the  areas  of  understanding  and  reducing 
cavity  loading  due  to  field  emission  and  thermal  quenches. 

1.  INTRODUCTION 

Superconducting  Radio-Frequency  (SRF)  technology  has 
been  an  active  field  of  research  for  accelerator  cavities  for  the 
last  25  years.  The  SRF  field  has  grown  from  the  use  of 
simple  single-cell  test  cavities  in  a  laboratory  environment  to 
reliable  installation  of  hundreds  of  multi-cell  structures  in  an 
operational  accelerator.  Hundreds  of  meters  of  SRF  cavities 
are  now  used  in  accelerators  around  the  world. 

The  SRF  cavities  used  at  such  laboratories  as  KEK,[1] 
CERN,[2]  Darmstadt, [3]  Argonne,[4]  and  DESY[5]  have  re¬ 
tained  their  performance  over  time,  showing  SRF  technology 
to  be  a  reliable  basis  for  continued  construction  of  accelerators. 

SRF  cavities  are  presently  being  investigated  as  the  basis 
for  future  electron  positron  colliders  in  the  0.5-2  TeV  center  of 
mass  energy  regime.  Under  the  aegis  of  the  TESLA[6]  pro¬ 
ject,  an  international  collaboration  is  operating  towards  this 
goal.  SRF  based  accelerators  present  several  advantages  when 
compared  with  their  normal  conducting  (NC)  counterparts. [7] 

Cryogenic  considerations[8]  have  determined  the  choice  of 
RF  frequency  for  a  high  gradient  cavity  to  be  in  the  range  of  1- 
3  GHz.  Further  consideration  of  thermal  stability,  Wakefields, 
and  availability  of  RF  power  sources  has  led  the  TESLA  col¬ 
laboration  to  the  choice  of  a  9-cell  1.3  GHz  cavity. 

If  SRF  technology  is  to  be  used  for  construction  of  a 
TESLA  machine,  the  accelerating  gradients  must  be  improved 
from  the  5  to  10  MV/m  level  achieved  in  presently  operated 
accelerators  to  20  to  30  MV/m.  In  this  presentation,  I  will 
review  the  efforts  being  made  towards  achieving  this  goal, 
showing  the  “state  of  the  art”  in  obtaining  high  gradients, 
specifically  as  measured  in  multi-cell  SRF  cavities  built  for 
electron-positron  machines. 

It  is  useful  to  begin  with  a  brief  summary  of  the  salient 
operational  experience  with  SRF  cavities  in  full  accelerators. 
The  observed  limitations  of  these  cavities  will  then  be  used  as 
a  launching  point  to  discuss  the  current  experimental  efforts 
being  pursued  in  order  to  overcome  these  limitations. 

Finally,  I  will  conclude  with  a  discussion  of  future  direc¬ 
tions  of  SRF  high  gradient  research. 


II.  OPERATIONAL  EXPERIENCE 

SRF  cavities  have  proven  themselves  to  be  a  viable  and 
reliable  basis  for  construction  of  accelerators.  Cavities  at 
DESY[9]  and  KEK[1]  have  to  date  logged  many  ten  thousands 
of  hours  of  operation  with  no  significant  degradation  of  cavity 
performance. 

From  the  point  of  view  of  TESLA  and  other  high  gradient 
machines,  it  is  most  informative  to  investigate  the  experience 
to  date  of  the  SRF  cavities  of  CEBAF.  [10] 

Figure  1  shows  the  achieved  gradients  in  the  CEBAF  cav¬ 
ities,  both  in  vertical  testing  and  in  horizontal  commissioning 
in  the  accelerator.  The  cavities  at  CEBAF  were  constructed 
from  niobium  with  RRR  =  250.  RRR  (Residual  Resistivity 
Ratio)  is  the  ratio  of  bulk  resistivity  at  room  temperature  to 
the  NC  resistivity  at  4.2  K,  and  is  used  as  a  measure  of  the 
purity  and  thermal  conductivity  of  the  niobium. 

The  design  parameters  of  the  CEBAF  cavities  were  an  ac¬ 
celerating  gradient  of  5  MV/m,  with  an  unloaded  quality  factor 
(Qo)  greater  than  2.4  x  10^  (operation  at  2  K).  In  all,  338 
cavities  (in  169  pairs)  have  been  installed  in  CEBAF,  and  have 
exceeded  specifications.  It  is  equally  impressive  that  70%  of 
the  cavities  passed  acceptance  tests  the  first  time  that  they 
were  assembled  and  tested. 

The  excellent  performance  of  the  CEBAF  cavities  is 
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Figure  1.  Results  from  CEBAF  on  5-cell  1.5  GHz  cavities. 
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nonetheless  not  adequate  for  the  proposed  TESLA  machine. 
The  two  primary  limiting  phenomena  for  the  CEBAF  cavities 
are  listed  in  Figure  1(a),  quench  (thermal  breakdown)  and  field 
emission  (FE).  These  are  the  same  phenomena  encountered  in 
all  other  facilities  with  SRF  cavities,  and  are  thus  the  primary 
focus  of  nearly  all  SRF  research  groups.  As  is  shown  in  Fig¬ 
ure  1(b),  90%  of  the  cavities  installed  in  CEBAF  had  their  fi¬ 
nal  limitation  due  to  one  of  these  two  phenomena. 

It  is  worth  noting  that  the  achieved  gradient  and  perform¬ 
ance  to  date  in  CEBAF  are  significantly  higher  than  that  in 
previous  facilities,  largely  due  to  the  increased  knowledge 
gained  by  the  SRF  research  programs  over  the  last  15  years. 

III.  STATE  OF  THE  ART 

For  reasons  of  brevity,  this  discussion  of  the  present  state 
of  the  art  of  high  gradients  will  be  largely  restricted  to  results 
obtained  with  multi-cell  cavities,  primarily  because  it  is  with 
multi-cell  cavities  that  a  TeV  collider  must  be  built.  This 
approach  will  regrettably  neglect  excellent  results  obtained  at 
many  laboratories,  including  1-cell  test  cavities, [11-13]  and 
basic  FE  studies.[14,15]  Interested  readers  are  encouraged  to 
consult  the  references  for  further  information. 

A.  Quench 

Quench,  or  thermal  breakdown,  is  the  phenomenon  where 
as  cavity  fields  are  increased,  a  local  heat  source  (defect)  in¬ 
creases  its  dissipation  until  the  heat  dissipation  overwhelms 
the  local  thermal  conductivity,  raising  the  local  temperature  of 
the  RF  surface  above  the  critical  temperature.  The  local  hot 
spot  will  quickly  grow  to  macroscopic  size,  eventually  driving 
the  entire  cavity  RF  surface  normal  conducting,  which  then 
collapses  the  cavity  fields. 
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Figure  2.  Achieved  accelerating  gradient  plotted  as  a  function 
of  RRR  (residual  resistivity  ratio)  of  the  niobium  in  the  cavi¬ 
ties.  A  more  complete  description  of  this  plot  is  provided  in 
the  text. 


The  most  natural  solution  to  the  problem  of  quench  is  in¬ 
creased  thermal  conductivity,  in  order  that  the  dissipated  heat 
can  be  conducted  away  before  the  critical  temperature  is  sur¬ 
passed.  The  most  common  method  for  obtaining  higher  ther¬ 
mal  conductivity  has  been  to  improve  the  purity  of  the  bulk 
niobium  used  in  cavity  fabrication.  Figure  2  displays  mea¬ 
sured  quench  fields  at  several  different  laboratories  plotted  as  a 
function  of  cavity  RRR.  The  data  from  CEBAF  in  Figure 
1(a)  is  shown  in  the  form  of  its  average  and  range.  The  two 
diagonal  lines  are  meant  to  show  an  approximate  value  of 
RRR  necessary  to  insure  a  quench  field  above  a  given  value. 
The  upper  line  is  for  1-cell  cavities,  while  the  lower  line 
bounds  the  5-cell  and  9-cell  cavities. 

The  purity  of  bulk  niobium  as  delivered  by  industry  has 
increased  from  RRR  =  40  in  the  early  1980s  to  in  excess  of 
500  today.  Through  solid  state  gettering,[16]  the  RRR  can  be 
further  increased  by  up  to  a  factor  of  2,  making  RRR  >  1000 
now  a  possibility.  Extrapolation  of  the  plots  in  Figure  2 
show  that  RRR  >  500  is  necessary  for  multi-cell  cavities  with 
quench  fields  consistently  above  E^cc  =  25  MV/m. 

One  more  possibility  for  increased  thermal  conductivity  is 
the  possibility  of  niobium-copper  sputtered  cavities,[17]  where 
the  increased  thermal  conductivity  of  the  copper  substrate 
would  be  used  to  conduct  the  heat.  This  technology  is  not  yet 
feasible,  however,  due  to  an  exponential  decrease  in  Qo  with 
increasing  fields  from  granular  superconductivity  effects. 

B.  Field  Emission 

Field  emission  has  been  the  dominant  limitation  on  SRF 
cavities  for  the  last  ten  years  (since  niobium  with  RRR  greater 
than  100  became  widely  available).  FE  is  tunneling  of 
electrons  out  of  the  niobium  surface  in  the  presence  of  high 
surface  electric  fields.  Many  comprehensive  reviews  of  the 
subject  and  its  relationship  to  SRF  cavity  behavior  are 
available.  [18-21]  FE  related  dissipation  grows  exponentially 
with  increasing  fields,  quickly  consuming  all  power  available 
in  a  low  power  SRF  setup.  Furthermore,  the  impact  of  emit¬ 
ted  electrons  on  the  cavity  surface  causes  heating,  further  de¬ 
grading  the  RF  performance  of  the  cavity. 

The  most  important  information  that  has  come  from  field 
emission  studies,  in  both  DC[14,22]  and  RF[15,23]  condi¬ 
tions,  is  that  FE  is  directly  related  to  micron  sized  surface  con¬ 
taminations,  in  particular  metallic  particles.  Table  1  shows  a 
listing  of  the  various  contaminants  found  in  emission  studies 
at  several  different  laboratories.  Most  of  the  elements  detected 
can  be  traced  to  either  actions  or  materials  related  to  the 
processing  or  assembly  of  the  cavities  and  their  test  apparati. 

Recent  results  indicate  the  further  possibility  that  RF  sur¬ 
face  contamination  could  lead  to  a  thermal  quenches.[26] 


TABLE  1.  Contaminants  found  in  FE  sites. 

Geneva 

DC 

Saclay 

DC 

Wuppertal 

DC 

Cornell 

RF 

Ag,Al,C,Ca, 

Ag,Al,C,Ca, 

Al,Cs,Ca,Cu, 

C,Ca,Cr,Cu 

Cr,Cu,Mn,0, 

Ci,Cr,F,Fe, 

Mn,0,S,Si 

F,Fe,In,Mn 

S,Si,W 

K,Mg,N,Na 

Ti,W 

Ni,0,Si,Ti 

Ni,  0,  Si,  Ti,  Zn 
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Given  the  effect  of  surface  preparation  on  FE  performance, 
the  thrust  of  many  of  the  investigations  into  SRF  cavities  has 
been  in  the  area  of  producing  a  cleaner  RF  surface.  It  is  likely 
that  the  most  important  gains  in  performance  have  come 
through  use  of  clean  rooms  and  protocols  for  assembly  of  cav¬ 
ity  testing  systems.  Past  studies  on  ultra  high  vacuum  baking 
of  the  cavity[24,25]  produced  the  first  major  breakthroughs  to 
the  20  to  30  MV/m  range  that  we  seek.  However  furnace 
treatment  is  an  expensive  procedure,  in  time  and  resources, 
thus  the  effort  to  find  alternative  methods  of  obtaining  clean, 
and  therefore  emission  flee,  surfaces  has  been  continued. 

Recent,  promising  results  have  been  obtained  at  several 
laboratories  using  a  high  pressure  water  rinse  (HPR)  as  the  fi¬ 
nal  step  prior  to  assembly  to  the  vacuum  apparatus.  In  HPR, 
a  jet  of  ultra  pure  water  (pressure  S  80  bar),  is  used  to  dislodge 
surface  contaminants  which  are  believed  to  be  resistant  to 
more  conventional  rinsing  procedures. 

An  example  of  an  HPR  results  on  a  5-cell  cavity  at 
CEBAF  is  shown  in  Figure  3.  On  first  measurement,  the  cav¬ 
ity  was  limited  as  shown  to  Ejcc  =  9  MV/m,  with  severe  FE 
loading.  The  cavity  was  disassembled,  rinsed  with  HPR,  and 
then  reassembled.  Upon  re-testing,  the  open  circled  curve  was 
measured,  limited  only  by  a  quench  at  14  MV/m. 

1-cell  cavities  have  had  even  more  impressive  results, 
with  many  different  labs[  11,12,27]  reporting  multiple 
measurements  of  accelerating  gradients  in  excess  of  30-35 
MV/m  following  HPR  treatment.  Indeed,  the  highest  gradient 
reported  to  date  is  Ea<,c  =  43  MV/m  in  a  1-cell  cavity  tested  at 
CEBAF  following  HPR.[28] 

Despite  this  promising  work,  however,  consistently 
emission  free  surfaces  continue  to  elude  us,  especially  in  the 
case  of  multi-cell  cavities,  where  the  larger  surface  area  brings 
a  proportionally  larger  probability  of  a  contamination.  One 
emitter  is  sufficient  to  limit  the  performance  of  an  SRF  cavity 
to  unacceptable  levels.  This  concern  is  especially  daunting 
when  one  considers  that  with  the  proposed  gradient,  a  0.5  TeV 
collider  would  require  20,000  cavities. 

The  best  results  in  reducing  or  eliminating  FE  after  the 
cavity  has  been  assembled  have  been  obtained  through  High 
Power  Processing  (HPP).[29]  HPP  is  an  extension  of  the 
successful  practice  of  conditioning  an  RF  cavity,  where  the 
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Figure  3.  Qo  vs.  Ejcc  plots  showing  high  pressure  rinsing 
results  on  a  5-cell  1.5  GHz  cavity  at  CEBAF. 
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Figure  4.  Qo  vs.  Eacc  plots  showing  high  power  processing 
(HPP)  results  on  a  5-cell  1.3  GHz  cavity  at  Cornell. 

emission  in  a  cavity  is  reduced  to  acceptable  levels  through 
gradual  raising  of  the  incident  power.  Thermometry  has 
shown  that  processing  occurs  through  a  local  reduction  in 
FE,[29]  as  evidenced  by  reduced  electron  impact  heating. 
Microscopic  investigation  of  RF  surfaces  following  process- 
ing[23,29]  has  determined  that  processing  occurs  when  the  FE 
current  is  raised  high  enough  to  cause  melting  and/or 
vaporization  of  micron  sized  regions  of  the  RF  surface, 
presumably  the  emitter. 

Continuous  wave  (CW)  low  power  (<  100  W)  RF  pro¬ 
cessing  of  SRF  cavities  is  severely  limited  by  the  exponential 
growth  of  the  power  dissipation  under  FE  conditions.  All 
available  power  is  consumed  before  the  fields,  and  therefore  the 
FE  current,  can  be  raised  high  enough  to  initiate  processing. 
With  HPP,  the  incident  power  is  raised  to  the  order  of  hun¬ 
dreds  of  kilowatts  to  a  megawatt,  allowing  fields  to  be  in¬ 
creased  high  enough  for  processing  to  occur.  Figure  4  shows 
the  Qo  vs.  Ejcc  plot  of  a  5-cell  1.3  GHz  cavity  tested  at  Cor¬ 
nell.  The  pattern  of  measurement  shown  is  typical:  a  cavity 
is  severely  limited  by  FE,  which  is  impervious  to  conven¬ 
tional,  low  power,  RF  processing.  HPP  is  applied  with  high 
power  (in  this  case  up  to  1  megawatt),  following  which  the 
attainable  CW  fields  are  greatly  improved,  sometimes  by  more 
than  100%.  Three  different  5-cell  1.3  GHz  cavities  reached 
gradients  higher  than  25  MV/m  with  this  procedure.  [30] 

Studies  of  HPP  on  multi-cell  cavities  at  both  1.3  GHz 
and  3  GHz  have  shown  that  success  in  processing  is  directly 
related  to  the  magnitude  of  the  fields  reached  during  the  HPP 
procedure.  Put  more  succinctiy,  as  long  as  the  fields  continue 
to  increase  in  HPP,  the  CW  performance  will  similarly  im¬ 
prove.  Empirically,  it  has  been  found  in  5-cell  1.3  GHz  that 
FE  loading  will  be  essentially  eliminated  in  fields  up  to  50  % 
of  the  level  reached  during  HPP.[30] 

Finally,  HPP  also  provides  the  possibility  for  in  situ 
treatment  of  cavities  which  have  been  degraded  by  vacuum  ac¬ 
cidents.  Normally  a  vacuum  accident  would  require  complete 
disassembly  and  re-cleaning  of  an  affected  cavity.  With  HPP, 
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Figure  5.  Qo  vs.  Face  plots  showing  recovery  of  cavity  per¬ 
formance  with  HPP  following  a  vacuum  accident. 

the  principle  has  been  established  that  the  cavity  could  regain 
all  or  most  of  its  pre-accident  performance  without  disassem¬ 
bly.  Three  separate  9-cell  3  GHz  cavities  were  tested  follow¬ 
ing  vacuum  accidents, [29,31]  and,  in  each  case,  at  least  80% 
of  the  cavity’s  previous  performance  was  regained  through 
HPP.  The  Qo  vs.  Face  plots  for  one  of  these  accidents  are 
shown  in  Figure  5. 

C.  Putting  It  All  to  Work:  The  TESLA  Test  Facility 

In  order  to  further  demonstrate  the  feasibility  of  the 
TFSLA  approach  to  a  TeV  collider,  the  TFSLA  Collaboration 
has  begun  work  on  the  TFSLA  Test  Facility  (TTF),  a  50  me¬ 
ter,  SRF  based  linac,  to  be  constructed  with  SRF  technology 
at  DFSY.  Current  status  of  the  TTF  was  discussed  in  another 
presentation  at  this  conference. [32,33] 

In  setting  up  the  TTF,  the  TFSLA  Collaboration  has 
taken  advantage  of  the  latest  information  from  the  SRF  com¬ 
munity  regarding  the  best  methods  of  preparing  cavities  for 
RF  performance.  The  TTF  has  a  state  of  the  art  chemical  and 
clean  room  facility,  which  includes  a  high  pressure  rinse  sys¬ 
tem  capable  of  delivering  rinse  water  at  up  to  100  Bar,  and  a 
UHV  furnace  for  surface  preparation  and/or  RRR  improve¬ 
ment.  Figure  6  shows  the  Qo  vs.  F^cc  plots  from  measure¬ 
ment  of  the  capture  cavity,  which  was  procured  by  Saclay, 
then  prepared  and  tested  at  DFSY.  As  can  be  seen,  the  cavity 
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Figure  6.  Qo  vs.  F^cc  plot  showing  the  performance  of  the 
TTF  capture  cavity  (9-cell,  1.3  GHz,  RRR  =  250),  tested  at 
DFSY. 
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was  essentially  emission  free  up  to  14.5  MV/m,  where  a 
quench  was  encountered.  This  cavity  has  RRR  of  only  250, 
as  it  is  designed  for  operation  at  only  12  MV/m. 

The  TTF  also  has  an  HPP  setup  capable  of  delivering  up 
to  1  Megawatt  pulses  of  up  to  2  msec.  The  HPP  procedure 
has  been  successfully  used  on  several  cavities  to  date,  the  most 
successful  being  the  vertical  test  of  cavity  #  2,  a  production 
cavity  with  HOM  couplers. 

Figure  7  shows  the  CW  measurements;  through  HPP 
processing,  the  cavity  reached  a  CW  accelerating  gradient  of 
22  MV/m.  More  significantly,  during  HPP,  the  cavity  was 
operated  in  the  conditions  prescribed  for  TFSLA-  input  cou¬ 
pling  Qext  =  3  X  10^,  RF  pulse  length  =1.3  msec,  incident 
power  of  250  kW.  Figure  8  shows  oscilloscope  traces  of  the 
power  transmitted  to  a  monitor  probe  (upper  trace),  and  the 
incident  power  delivered  to  the  cavity  (lower  trace).  As  can  be 
seen  in  Figure  8,  the  cavity  reached  an  accelerating  gradient  of 


Eacc(MV/m) 

Figure  7.  CW  Qo  vs.  Face  of  TTF  cavity  #2,  (9-cell,  1.3 
GHz,  RRR  =  350),  before  and  after  HPP  (P  <  400  kW,  F  < 
32  MV/m). 
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Figure  8.  Oscilloscope  traces  captured  during  operation  of 
TTF  Cavity  #2  operated  under  pulsed  conditions  at  an  acceler¬ 
ating  gradient  of  approximately  26  MV/m.  A  description  of 
this  figure  be  found  in  the  text. 
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26  MV/m  after  filling  for  500  |isec.  At  this  point,  the 
forward  power  was  stepped  down  to  100  kW,  in  order  to 
simulate  the  effect  of  beam  load  on  cavity  fields.  The  cavity 
maintained  E^cc  =  26  MV/m  for  the  entire  800  |Lisec  designed 
for  TESLA  operation,  and  then  decayed  away  naturally  when 
the  incident  power  was  turned  off. 

Horizontal  testing,  followed  by  installation  in  the  TTF, 
of  this  and  subsequent  cavities  will  proceed  beginning  this 
summer. 

IV.  FUTURE  DIRECTIONS  AND  REMARKS 

The  prospect  for  further  gains  in  high  gradient  supercon¬ 
ducting  RF  accelerators  is  very  bright.  The  concerted  research 
effort  undertaken  in  the  last  fifteen  years  to  extend  the  attain¬ 
able  gradients  has  paid  off  with  significant  gains.  The 
progress  in  achieved  gradients  (CW  testing)  is  shown  clearly 
in  Figure  9.  The  maximum  achieved  gradients  at  the  time  of 
compilations  in  1980  and  1989  are  included  as  line  plots  for 
reference  to  show  the  gains  made  over  time.  Nearly  all  re¬ 
search  in  extending  gradients  today  is  being  performed  with  1- 
3  GHz  cavities,  with  surface  area  between  0.05  and  0.8  square 
meters,  hence  the  lack  of  gains  in  other  regions. 

The  two  primary  limiting  phenomena,  field  emission  and 
quench  are  well  understood.  Improved  purity  of  niobium  has 
increased  quench  limits  significantly.  A  clean  RF  surface  is 
the  most  important  determining  factor  in  reducing  FE.  HPR 
and  clean  assembly  procedures  are  helping  provide  such  a  sur¬ 
face.  HPP  is  effective  in  reducing  field  emission  in  cavities 
which  exhibit  FE  in  spite  of  clean  assembly  procedures. 

The  design  gradient  for  TESLA  has  been  met  in  vertical 
testing  of  the  TTF  cavity  at  DESY.  Repetition  of  this  mea¬ 
surement  in  a  horizontal  cryostat,  followed  by  installation  in 
the  TTF  are  scheduled  for  later  this  summer.  By  the  1997 
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Figure  11.  Historical  progress  in  the  attainable  accelerating 
gradients,  plotted  as  a  function  of  RF  surface  area  per  cavity. 
High  gradient  studies  are  now  performed  primarily  for  cavities 
with  area  between  0.05  and  0.8  square  meters. 
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PAC,  we  expect  to  show  how  the  TTF  project  has  further 
demonstrated  the  feasibility  of  TESLA. 
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Development  And  Advances  In  Conventional  High  Power  RF  Systems* 

P.  B.  Wilson 
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The  development  of  rf  systems  capable  of  producing 
high  peak  power  (hundreds  of  megawatts)  at  relatively  short 
pulse  lengths  (0.1-5  microseconds)  is  currently  being  driven 
mainly  by  the  requirements  of  foture  high  energy  linear 
colliders,  although  there  may  be  applications  to  industrial, 
medical  and  research  linacs  as  well.  The  production  of  high 
peak  power  rf  typically  involves  four  basic  elements:  a 
power  supply  to  convert  ac  from  the  “wall  plug”  to  dc;  a 
modulator,  or  some  sort  of  switching  element,  to  produce 
pulsed  dc  power;  an  rf  source  to  convert  the  pulsed  dc  to 
pulsed  rf  power;  and  possibly  an  rf  pulse  compression 
system  to  further  enhance  the  peak  rf  power.  Each  element 
in  this  rf  chain  from  wall  plug  to  accelerating  structure  niust 
perform  with  high  efficiency  in  a  linear  collider  application, 
such  that  the  overall  system  efficiency  is  30%  or  more.  Basic 
design  concepts  are  discussed  for  klystrons,  modulators  and 
rf  pulse  compression  systems,  and  their  present  design  status 
is  summarized  for  applications  to  proposed  linear  colliders. 

1.  INTRODUCTION 

There  now  exists  an  Interlaboratory  Collaboration  for 
R&D  Toward  TeV-Scale  Electron-Positron  Linear  Colliders. 
The  collaboration  consists  of  some  23  member  institutions  in 
Europe,  Asia  and  the  United  States  with  an  interest  in  linear 
collider  development.  The  Council  of  the  Collaboration 
(consisting  of  one  representative  from  each  member 
institution)  met  at  EPAC'94,  and  decided  to  appoint  a 
Technical  Review  Committee  (TRC).  This  committee  was 
charged  with  preparing  a  report  on  the  present  status  of 
linear  collider  technology,  and  the  further  R&D  needed  over 
the  next  few  years  to  reach  these  design  goals:  an  initial 
luminosity  in  excess  of  lO^^cm'^s"^  at  a  center-of-mass 
energy  of  500  GeV,  with  the  capability  of  being  expanded  in 
energy  and  luminosity  to  reach  1  TeV  center-of-mass  energy 
with  a  luminosity  of  lO^cm'^s-l.  A  draft  of  the  report  will 
be  submitted  to  the  Collaboration  Council  in  June,  1995. 
This  paper  is  based  in  large  part  on  material  collected  for 
Chapter  3  (Linac  Technology)  of  the  TRC  report. 

The  major  proposals  for  future  linear  colliders  have 
been  described  in  detail  elsewhere  (see  for  example  the 
survey  talks  in  [1]).  TESLA  (TeV  Superconducting  Linear 
Accelerator)  is  a  proposal  for  a  linear  collider  based  on  the 
use  of  superconducting  accelerating  cavities  at  1.3  GHz. 
The  TESLA  R&D  program  is  an  international  collaboration 
of  about  a  dozen  laboratories,  coordinated  by  the  DESY 
laboratory  in  Hamburg,  Germany.  Use  of  a  superconducting 
cavity  avoids  the  need  for  very  high  peak  rf  power.  Such  a 
cavity  is  in  essence  an  rf  pulse  compressor,  storing  energy 
over  a  relatively  long  time  period  (on  the  order  of  a 
millisecond)  from  an  RF  pulse  with  a  relatively  low  peak 
power.  An  advantage  of  the  low  TESLA  rf  frequency  is  a 
larger  beam  cross-section  and  looser  tolerances  on 
construction  and  alignment.  The  SBLC  (S-Band  Linear 
Collider)  is  a  proposal,  also  based  at  DESY,  for  a  linear 


collider  with  an  rf  frequency  of  3  GHz.  Because  of  the 
relatively  low  rf  frequency,  the  SBLC  also  has 
comparatively  loose  tolerances.  A  strong  point  of  this 
proposal  is  that  it  is  supported  by  a  wide  base  of  existing  S- 
band  accelerator  technology,  in  particular  the  SLC  prototype 
linear  collider  at  SLAC.  The  NLC  (Next  Linear  Collider)  is 
a  proposal  by  SLAC  for  a  linear  collider  at  11.4  GHz, 
exactly  four  times  the  SLC  frequency.  The  principal 
advantage  of  a  higher  rf  frequency  is  that  a  higher 
accelerating  gradient  can  be  obtained  for  the  same  ac  input 
power,  resulting  in  a  shorter  length  and  possibly  lower  cost 
for  the  main  linac.  A  major  disadvantage  is  that  tighter 
tolerances  are  required  for  the  construction  and  alignment  of 
the  accelerating  sections  and  focusing  magnets.  Also,  higher 
peak  power  is  required  from  the  rf  sources,  with  a 
consequence  that  some  form  of  rf  pulse  compression  is 
necessary.  The  KEK  laboratory  in  Tsukuba,  Japan,  has 
proposed  the  JLC  (Japan  Linear  Collider),  also  at  11.4  GHz; 
it  is  quite  similar  to  the  NLC  in  its  main  design  parameters. 
VLEPP  (standing  for  "Colliding  Linear  Electron-Positron 
Beams"  in  Russian)  is  a  proposal  for  a  linear  collider  at  14 
GHz,  which  originated  at  the  Institute  of  Nuclear  Physics 
(INP)  in  Novosibirsk,  Russia.  The  R&D  for  the  collider  is 
actually  taking  place  at  Protvino,  Russia,  near  Serpukhov 
(about  100  km  south  of  Moscow).  It  is  being  carried  out  by 
personnel  from  a  Branch  of  the  above  institute  (BINP). 
Unfortunately,  the  econonuc  situation  in  present-day  Russia 
is  such  that  a  full-scale  VLEPP  will  probably  not  be  funded. 
However,  a  strong  R&D  program  is  still  going  forward  at 
Protvino;  this  work  will  provide  useful  results  which  can 
expedite  the  other  collider  programs.  CLIC  (CERN  Linear 
Collider)  is  a  proposal  for  a  two-beam  linear  collider  based 
at  CERN  in  Geneva,  Switzerland.  In  the  CLIC  design  (see 
paper  by  K.  Httbner  in  [1]),  350  MHz  superconducting 
cavities  are  used  to  accelerate  a  high-current  drive  beam  to  3 
GeV.  The  drive  beam  consists  of  trains  of  bunches  in  which 
the  spacing  between  bunches  in  each  train  is  the  rf 
wavelength  at  30  GHz.  These  trains  pass  through  a  series  of 
low  impedance  “transfer  structures”,  where  they  induce 
about  90  MW  of  peak  rf  power  for  a  pulse  duration  of  12  ns. 
This  power  is  then  transferred  through  waveguides  (two  for 
each  transfer  structure)  to  the  accelerating  sections  in  the 
main  linac.  The  TBNLC  (Two-Beam  NLC),  proposed  by  a 
group  at  LBL  and  LLNL,  is  also  a  two-beam  accelerator 
scheme,  but  in  this  case  the  drive  beam  is  powered  by 
induction  linac  modules.  The  TBNLC  is  proposed  as  an 
alternative  power  source  for  the  NLC,  in  particular  as  a  high- 
gradient  upgrade  to  1  TeV.  Instead,  of  a  single  drive  beam 
per  main  linac,  as  in  the  case  of  CLIC,  the  TBNLC  would 
consist  of  18  separate  drive  beam  units  for  each  of  the  two 
main  linacs.  There  would  be  150  transfer  structures  per 
drive  beam,  each  supplying  360  MW  of  power  to  a  single  1.8 
m  NLC  accelerating  section. 

The  various  proposed  colliders  and  their  operating 
frequencies  are  listed  in  Table  I,  along  with  other  basic 
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parameters  to  be  discussed  in  the  following  sections.  The 
SLC  is  listed  for  comparison. 

IL  SCALING  COLLIDER  PARAMETERS  WITH 
FREQUENCY 

All  of  the  proposed  linear  collide  designs  are  based  on 
the  production  and  manipulation  of  RF  power  in  the 
frequency  range  1.3-30  GHz.  The  rf  system  itself  must 
convert  power  from  the  ac  mains  (wall  plug)  to  rf  power  at 
the  input  of  the  accelerating  structure  with  the  greatest 
possible  efficiency.  In  general,  it  is  easier  to  attain  a  high 
accelerating  gradient  at  a  higher  rf  frequency.  Nature  has, 
however,  imposed  a  powerful  limitation  on  the  gradient 
achievable  for  routine  operation  of  a  copper  accelerating 
structure  —  the  dark  current  capture  threshold.  This 
threshold  is  given  by 

GthX  =  1.605  MV  (1) 

where  X  is  the  RF  wavelength.  The  threshold  gradients  for 
the  various  colliders  are  listed  in  Table  I,  together  with  the 
design  gradients  for  a  500  GeV  machine.  It  is  indeed 
possible  to  exceed  this  threshold  gradient  by  some 
reasonable  factor;  for  example  the  SLC  routinely  operates 
30%  above  it  with  barely  detectable  dark  current.  However, 
the  dark  current  beam  power  dissipation,  and  hence  the 
difficulty  in  processing  a  structure  to  a  given  gradient  level, 
tends  to  become  worse  exponentially  as  the  capture  threshold 
is  exceeded  by  a  still  larger  factor.  In  the  case  of  a 
superconducting  structure,  field  emission  will  necessarily  be 
reduced  to  a  low  level  by  special  cleaning  and  processing 
techniques  to  avoid  unacceptable  power  dissipation  at  low 
temperature.  Perhaps  these  heroic  cleaning  and  handling 
procedures  can  be  adapted  to  copper  structures  as  well.  But 
in  any  case,  if  operation  is  planned  at  a  gradient  significantly 
above  the  capture  threshold,  dark  current  effects  must  be 
carefully  studied  in  an  appropriate  test  facility  (such  as  the 
TESLA  Test  Facility  under  construction  at  DES  Y). 

For  a  high  frequency  high  gradient  linear  collider  with  a 
copper  accelerating  structure,  nature  has  unfortunately 
imposed  another  limitation  on  the  rf  system.  The  energy 
stored  per  unit  length  on  the  accelerating  structure  will  scale 
roughly  as  G^X^.  If  the  gradient  is  set  at  some  factor  times 
the  capture  threshold  gradient,  then  the  stored  energy  per 
unit  length  remains  roughly  constant,  independent  of 
frequency.  However,  the  time  allowed  for  this  energy  to  be 
collected  in  the  accelerating  structure  depends  on  the  energy 
decrement  time, 

Td  =Q/oo~(o"^''^  ^2) 

Thus  the  RF  pulse  length  will  also  tend  to  scale  as  and 
since  the  stored  energy  per  meter  is  roughly  constant  under 
the  above  scaling  assumption,  the  ^ak  power  required  per 
meter  will  tend  to  scale  as  Unfortunately,  the 

maximum  output  power  available  from  a  klystron  tends  to 
decrease  rather  than  increase  as  frequency  increase. 
Therefore  high  frequency  RF  systems  using  klystrons  to 


generate  the  RF  power  (NLC,  JLC,  VLEPP)  require  some 
sort  of  pulse  compression  to  enhance  the  peak  power  output. 
However,  the  additional  loss  associated  with  the 
compression  process  tends  to  lower  the  overall  efficiency  of 
the  RF  system.  The  two-beam  accelerator  concept  (TBNLC, 
CLIC)  bypasses  the  limitations  imposed  by  conventional 
klystrons  in  producing  high  frequency,  high  peak  power  at 
short  pulse  lengths.  The  drive  beam  in  a  two-beam 
accelerator  is,  in  fact,  equivalent  to  the  beam  in  a  klystron, 
and  the  TBA  scheme  is  also  called  a  “relativistic  klystron.” 
A  collider  using  a  superconducting  accelerating  structure 
(TESLA)  increases  the  Q/co  limitation  on  energy  collection 
time  by  a  large  factor  over  that  of  copper,  allowing  a  long 
pulse,  low  peak  power,  efficient  RF  system.  (As  will  be 
discussed  later,  a  long  pulse  modulator  tends  to  be  more 
efficient  than  one  which  must  produce  short,  very  high  peak 
power  pulses).  However,  this  gain  in  the  efficiency  of  RF 
power  generation  is  offset  to  a  large  extent  by  the  additional 
power  required  by  the  refrigeration  system. 

Energy  decrement  times  and  peak  RF  power 
requirements  for  the  collider  designs  are  listed  in  Table  I. 
For  machines  with  copper  structures,  the  structure  filling 
times  (except  for  CLIC)  are  quite  close  to  the  values  given 
for  the  RF  pulse  lengths  are  typically  several  times  longer 
to  allow  for  acceleration  of  a  bunch  train.  The  pulse  lengths 
at  the  accelerating  structure  (in  nanoseconds)  are:  SBLC 
(2800);  JLC  (230);  NLC  (240);  VLEPP  (110);  CLIC  (12).  In 
the  case  of  TESLA,  the  pulse  length  (1.3  ms)  is  reduced 
below  the  decrement  time  approximately  by  the  ratio  of  the 
refrigeration  power  required  per  Watt  of  power  dissipated  at 
4.2°K  («  300).  The  peak  powers  do  not  scale  as  as 
discussed  above,  because  the  actual  design  gradients  do  not 
closely  follow  a  Gth  scaling.  However,  as  seen  in  Table  I, 
the  peak  power  per  meter  does  increase  rapidly  with 
increasing  frequency.  Likewise,  the  linac  length  would  be 
roughly  proportional  to  X  for  G  ~  Gth  scaling.  The  actual 
design  lengths  do  show  a  strong  correlation  with  frequency. 
Since  the  stored  energy  per  meter  remains  approximately 
constant  for  G  -  Gth  scaling,  _the  average  AC  wall-plug 
power  should  scale  roughly  as  ~  f  j.X  /  T|if ,  where  ff  is 

the  repetition  rate  and  T|if  is  the  RF  system  efficiency.  As 
frequency  increases,  the  colliders  in  Table  I  trade  at  least 
part  of  their  wavelength  advantage  for  a  higher  repetition 
rate.  These  rates  are  (in  Hz):  TESLA  (10);  SBLC  (50);  JLC 
(150);  NLC  (180);  VLEPP  (300). 

III.  RF  SYSTEM  TECHNOLOGY 


A.  Klystrons 

At  a  constant  beam  voltage,  the  RF  output  of  a  klystron 
(or  other  microwave  power  source)  increases  as  the  beam 
current  increases.  However,  a  higher  beam  current,  Ib,  at  a 
given  beam  voltage,  Vb,  inevitably  lead  to  a  lower  efficiency 
because  of  the  detrimental  effects  of  space  charge  forces. 
These  forces  tend  to  blow  apart  the  sharply  defined  bunches 
needed  for  high  output  efficiency.  The  microperveance 
(defined  by  =  IbA^  b^^^  xlO^)  is  commonly  taken  as  a 
measure  of  these  space  charge  effects.  If  klystron 
efficiencies,  obtained  from  both  measured  performance  and 
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simulations,  are  plotted  as  a  function  of  microperveance,  it  is 
found  that  the  collection  of  points  (see  for  example  [2],  Fig. 
3)  is  quite  sharply  bounded  by  the  line 

Tikiy  =0.80-0.15K^  .  (2) 

Low  frequency,  long  pulse  or  CW  klystrons  tend  to  fall 
closer  to  this  performance  limit  than  high  frequency,  high 
peak  power  tubes.  The  intercept  at  zero  perveance  has  some 
theoretical  justification.  A  100%  efficiency  implies  that  all 
the  electrons  in  the  beam  are  just  brought  to  rest  by  the  RF 
voltage  of  the  output  circuit.  This  is  not  possible  in  a  real 
klystron  because  there  is  an  energy  spread  in  the  beam  due  to 
the  bunching  process,  and  because  the  RF  voltage  varies 
with  radius  across  the  gap.  Also,  even  a  single  electron 
cannot  be  stopped  in  a  gridless  gap;  an  electron  on  axis  can 
lose  at  most  about  85%  of  its  energy  [3] . 

There  is  also  the  perennial  question  concerning 
limitations  on  peak  klystron  output  power  as  a  function  of 
frequency.  This  can  be  roughly  estimated  as  follows.  First, 
the  beam  radius  is  limited  to  something  like  X/S  to  allow  for 
reasonable  gap  coupling.  Second,  the  current  density  per 
unit  area  from  the  cathode  (cathode  loading,  I  a)  is  limited  to 
about  10  A/cm^  for  good  cathode  lifetime.  Third,  the  area 
compression  ratio,  C/v,  of  the  beam  in  the  gun  region  is 
limited  by  optics  and  tolerances  to  perhaps  150.  Putting 
these  factors  together  gives 


Pinax  =  'nVb[lACA’t(^  /  8)^]  =  14r\V^(k  I  cmf  (3) 

where  q  is  the  electronic  efficiency.  If  the  tube  is  to  be 
efficient,  and  if  we  apply  Eq.  (2)  conservatively,  then  the 
microperveance  for  an  efficiency  of  50-60%  is  limited  to 
Km<1v  Eq.  (2)  together  with 

Pk  =  qfKn  X 10^  )Vb  >  we  find  that  for  Vb=  500  kV  the 
maximum  output  power  is  about  100  MW  up  to  14  GHz,  then 
falls  off  as  A,2  above  this  frequency. 

Table  II  lists  klystron  parameters  for  the  five  collider 
proposals  that  use  klystrons  as  an  RF  source.  Both  design 
parameters  and  values  actually  achieved  to  date  Me  shown. 
The  numbers  given  for  “scaled  maximum  efficiency”  are 
obtained  from  Eq.  (2).  Note  that  the  design  values  for 
efficiency  are  all  well  below  these  maximum  values,  except 
for  the  low  frequency,  long  pulse  TESLA  klystron  where 
good  efficiency  should  be  relatively  easy  to  achieve.  Two  of 
the  klystrons  have  achieved  the  design  peak  power.  The 
SBLC  S-band  klystron,  designed  in  collaboration  with 
SLAG,  has  reached  150  MW  at  a  2.8  ps  pulse  length  [4]. 
The  NLC  X-band  klystron  has  achieved  50  MW  at  1.5  jis 
[5].  Both  klystrons  still  fall  short  in  efficiency,  Md  both 
must  eventually  replace  power-consuming  solenoids  with 
PPM  (periodic  permanent  magnet)  focusing  or 
superconducting  solenoids. 


B.  Modulators 

The  rise  time  of  a  modulator  pulse  is  an  important 
parameter  in  determining  the  modulator  efficiency.  In  a 
conventional  modulator,  the  pulse  forming  network  (PFN) 
capacitance  is  charged  by  a  DC  power  supply  to  a  voltage 


VppN.  This  network  can  be  either  a  length  of  smooth 
transmission  line,  or  a  series  of  discrete  capacitors  and 
inductors  which  model  such  a  line.  The  line  is  then 
discharged  by  a  switching  device,  usually  a  thyratron, 
through  the  primary  of  a  pulse  transformer  with  a  turns  ratio 
n.  The  output  of  the  pulse  transformer  produces  a  voltage 
nVpFN/2  (single  stage  PFN),  or  nVppN  (two  stage,  or 
Blumlein  PFN).  In  the  case  of  the  TESLA  modulator,  an 
energy  storage  capacitor  is  partially  discharged  through  the 
primary  of  the  pulse  transformer.  The  switching  is  done  by 
solid  state  devices  (thyristors).  A  “bouncer”  circuit  is  used 
to  compensate  for  voltage  droop. 

The  energy  efficiency,  qg*  of  the  pulse  transformer  is 
defined  as  the  useful  energy  in  the  flat-top  portion  of  the 
pulse  divided  by  the  total  energy  in  the  pulse.  The  energy  in 
the  fall-time,  portion  of  the  pulse  tends  to  scale  in  proportion 
to  the  rise  time,  Tr,  so  that  the  energy  efficiency  can  be 
written  as  q  g  =  TrH"  e  =  T k/(Tk  +  ®Tr),  where  Tr  is  the 
useful  flat-top  pulse  width,  Tg  is  the  energy  width,  and  a  is  a 
coefficient  between  1.0  and  1.2  which  depends  on  the  pulse 
shape  and  the  definition  of  rise  time.  In  turn,  a  simple 
physical  argument  [6]  leads  to  the  scaling  T  r~  nTg 
Combined  with  the  preceding  relation,  this  gives 

TE=i[pn  +  (pV+4TK)''^f  (4) 

where  P  is  a  constant  that  can  be  obtained  by  fitting  to 
existing  pulse  transformer  designs.  For  the  pulse 
transformer  driving  the  5045  SLAG  klystrons,  P  =  0.033 
(|xs)^^.  It  is  found  that  the  above  expression  then  gives  a 
good  fit  to  a  number  of  other  pulse  transformers  measured  at 
SLAG  having  a  variety  of  turns  ratios  and  pulse  lengths. 
Using  Eq.  (4),  the  energy  efficiency  is  plotted  in  Fig.  1. 


Figure  1  -  Energy  Efficiency  for  a  typical  pulse  transformer 
as  a  function  of  pulse  length  and  turns  ration  n. 

Along  with  Tr  and  n,  values  of  qg  from  Eq.  (4)  are 
listed  in  Table  III  (as  the  scaled  energy  efficiency)  for  the 
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modulator  designs  for  the  various  collider  proposals.  An 
accurate  calculation  of  energy  efficiency  must  also  include 
the  effect  of  the  load  (klystron)  capacitance,  the  series 
inductance  of  the  thyratron,  transformer  core  losses,  and  the 
inductances  of  the  cables  and  leads  connecting  the 
components.  Of  course,  the  best  efficiency  is  obtained  by 
eliminating  the  modulator  entirely  by  using  a  klystron  with  a 
gridded  gun  to  switch  the  beam,  as  proposed  for  VLEPP. 

C.  RF  Pulse  Compression 

RF  pulse  compression  is  a  method  of  enhancing  klystron 
output  power  at  the  expense  of  pulse  width.  Although  some 
energy  is  lost  in  the  compression  process,  the  efficiency  can 
in  principle  be  quite  high.  High-Q  energy  storage  elements 
are  required  to  achieve  efficient  pulse  compression;  these 
can  be  either  resonant  cavities  or  lengths  of  shorted  delay 
line. 

RF  pulse  compression  is  used  in  three  of  the  500  GeV 
collider  designs.  VLEPP  and  NLC  use  a  SLED-type  scheme 
(SBLC  plans  to  use  a  SLED  system  in  a  1  TeV  upgrade).  In 
a  SLED  pulse  compression  system  [7],  energy  builds  up  in  a 
storage  element  (resonant  cavity  or  resonant  delay  line)  over 
the  major  part  of  the  klystron  output  pulse.  During  the  final 
part  of  the  pulse,  equal  to  the  desired  output  pulse  length,  a 
phase  reversal  at  the  klystron  input  triggers  a  discharge  of 
this  stored  energy,  which  then  adds  to  the  energy  coming 
directly  from  the  klystron.  During  the  filling  time  of  the 
storage  device,  there  is  an  unavoidable  power  reflection;  in 
addition,  some  energy  is  left  behind  in  the  storage  element. 
Together,  these  factors  lead  to  a  maximum  intrinsic 
efficiency  for  a  SLED  system  on  the  order  of  80%,  even 
assuming  lossless  components.  Taking  losses  into  account 
reduces  the  efficiency  to  approximately  75%.  On  the  other 
hand,  the  JLC  uses  a  compression  method,  the  Delay  Line 
Distribution  System  (DLDS),  which  is  inherently  100% 
efficient.  Although  related  to  Binary  Pulse  Compression  [8], 
the  DLDS  system  uses  less  delay  line  pipe  by  feeding  power 
in  the  up-stream  beam  direction,  thus  taking  advantage  of  the 
beam  transit  time  to  achieve  a  factor  of  two  reduction  in  the 
required  delay  line  length.  Both  the  DLDS  and  the  SLED-II 
compression  systems  have  the  advantage  or  producing  a  flat 
output  pulse.  This  is  a  necessity  for  accelerating  long  bunch 
trains  (the  beam  pulse  length  is  about  120  ns  for  JLC  and 
NLC).  The  VLEPP  compression  system  is  based  on  the  use 
of  a  single  traveling-wave  “open”  cavity  resonator  of  unique 
design  [9],  and  is  therefore  very  compact.  Although  the 
output  pulse  is  not  inherently  flat,  this  is  of  no  consequence 
for  the  acceleration  of  a  single  bunch,  as  is  the  case  for 
VLEPP.  Parameters  for  the  three  pulse  compression  systems 
are  given  in  Table  IV. 

IV,  RF  SYSTEM  EFFICIENCY 

The  overall  RF  system  efficiency  is  an  important 
parameter  for  a  linear  collider.  The  AC  power  requirements 
(see  Table  I)  for  the  various  collider  proposals  range  from 
60-150  MW.  Thus  a  1%  improvement  in  efficiency  can 
reduce  the  AC  power  consumption  by  a  megawatt  or  more. 
The  net  system  efficiency,  shown  in  the  last  column  in  Table 
I,  is  the  product  of  the  separate  efficiencies  of  the  klystron, 


modulator,  and  pulse  compression  systems.  If  there  is  no 
compression  system,  the  efficiency  for  transmitting  power 
from  the  klystron  to  the  accelerating  structure  must  be 
included  instead.  The  system  efficiency  can  be  calculated 
with  and  without  auxiliary  power.  This  includes  power  for 
the  klystron  cathode  heater,  klystron  focusing  solenoid, 
thyratron  cathode  and  reservoir  heaters,  and  power  for  the 
cryogenic  systems  in  TESLA  and  CLIC  (which  uses 
superconducting  cavities  to  accelerate  the  drive  beam).  The 
net  RF  system  efficiency  is,  on  the  average,  about  one-third. 

It  is  obviously  highly  desirable  to  increase  the  net  RF 
system  efficiency.  For  example,  one  can  think  of 
eliminating  the  pulse  compression  system  and  the  losses 
associated  with  it.  However,  more  dc  pulse  compression 
must  then  be  carried  out  in  the  modulator  (or  in  the  induction 
linac  modules  in  the  case  of  the  TBNLC).  As  another 
example,  a  better  klystron  efficiency  can  be  obtained  by 
raising  the  beam  voltage  and  lowering  the  perveance.  Again, 
this  implies  a  lower  modulator  efficiency  because  a  pulse 
transformer  with  a  larger  turns  ratio  will  be  required  (or  a 
higher  V  ppN  could  be  used,  which  is  more  expensive  and 
technically  difficult).  There  are  losses  and  inefficiencies  in 
each  stage  of  the  power  handling  and  processing  chain 
between  the  AC  wall  plug  and  RF  at  the  input  to  the 
accelerating  structure.  Care  must  be  taken  that  an  efficiency 
improvement  at  one  step  in  this  chain  is  not  made  at  the 
expense  of  increases  loss  at  another  stage. 

A  long-range  expectation  for  the  efficiency  of  the  RF 
system  for  a  linear  collider  might  be  on  the  order  of  50%. 
This  efficiency  could  be  attained  by  a  low  perveance,  high 
efficiency  klystron  (65%)  with  grid  switching  (95% 
efficient),  and  a  high-gain  Binary  Pulse  Compression  system 
(81%  efficient  including  power  transmission).  The  BPC 
system  would  use  10  or  so  discrete  cavities  per  stage  to 
eliminate  long  delay  lines. 
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Table  I  Basic  Parameters  for  Proposed  Linear  Colliders  Designs  at  500  GeV 


Collider 

Proposal 

Type(^) 

RFFreq 

(GHz) 

Gthfrom 

Eq.(l) 

(MV/m) 

Gradient 

(MV/m) 

Decrement 

Time 

(ns) 

Peak  Power 
per  meter 
(MW/m) 

Active 

Length(^) 

(km) 

AC 

Power('*) 

(MW) 

RF  System 
Efficiency 
(%) 

TESLA 

SCA 

1.3 

7 

25/25 

0.6x10^ 

0.21 

20 

154 

35/58 

SLC 

Cu 

2.856 

15 

20/21 

730 

12 

2.8 

24 

13.6/14.5 

SBLC 

Cu 

3.0 

16 

17/21 

720 

12 

30 

139 

37/38 

JLC 

Cu 

11.4 

61 

53/73 

95 

100 

10 

114 

30/34 

NLC 

Cu 

11.4 

61 

37/50 

98 

50 

14 

103 

30/31 

VLEPP 

Cu 

14 

75 

91/100 

68 

120 

6 

57 

39/40 

TBNLC 

TBA 

11.4 

61 

98 

200 

7 

106 

39/40 

CLIC 

TBA 

22 

144 

6 

26/35 

(1)  SCA  =  superconducting  accelerating  structure;  Cu  =  copper  accelerating  structure;  TBA  =  two-beam  accelerator  (with 


copper  main  linac  structure). 

(2)  Design  gradient  with/without  beam  loading  (bunch  on  crest). 

(3)  Includes  overhead  for  BNS  damping  and  energy  management  (see  text). 

(4)  AC  power  required  for  producing  main  linac  RF;  includes  cryogenic  and  auxiliary  power  (see  text). 

(5)  Efficiencies  are  given  with/without  cryogenic  and  auxiliary  power  included. 


Ta 

ble  II  Klystron  1 

Parameters:  Design  Goals  and  Achieved  to  Dal 

te 

IH 

:la 

Ach.’d 

SB 

Design 

LC 

Ach.'d 

Hi 

C 

Ach.'d 

N] 

Design 

jC 

Ach.'d 

VL] 

Design 

iPP 

Ach.'d 

RF  Frequency  (GHz) 

1.3 

1.3 

3.0 

3.0 

11.4 

11.4 

11.4 

11.4 

14 

14 

Peak  Output  Pwr.  (MW) 

7.1 

5.0 

150 

150 

135 

96/50 

50 

58/52 

150 

60 

Pulse  Length  (ps) 

1314 

2010 

2.8 

3 

0.5 

0.1/0.2 

1.2 

0.2/1 .5 

0.50 

0.7 

Repetition  Rate  (Hz) 

10 

10 

50 

60 

150 

180 

60 

300 

2 

Ave.  Output  Pwr.  (kW) 

93 

21 

27 

10 

11 

1/5 

24 

Microperveance 

0.5 1) 

2.0 

1.2 

1.8 

1.2 

1.2 

0.6 

1.2 

0.25 

0.15 

Electronic  Effic.  (%) 

70 

45 

50 

42 

45 

33 

60 

43/37 

60 

40 

Scaled  Max.  Effic. 2)  (%) 

73 

50 

62 

53 

62 

62 

71 

62 

76 

78 

Beam  Voltage  (kV) 

110 

130 

575 

528 

600 

620 

455 

400 

1000 

1000 

Beam  Energy/Pulse^)  (J) 

13,300 

10,100 

840 

1070 

150 

170 

100 

125 

Cathode  Load(A/cm^) 

3.1 

6 

6 

13.5 

13.5 

7.4 

7.6. 

5 

5 

Cathode  Heat  Pwr.  (kW) 

0.5 

1 

2 

0.5 

0.5 

0.4 

1.0 

1.0 

Focusing  Type 

Sol. 

Sol. 

PPM 

Sol. 

SCM 

Sol. 

PPM 

Sol. 

PPM 

PPM 

Solenoid  Power  (kW) 

4 

4 

— 

15 

1 

40 

— 

=  20 

— 

— 

Output  Window  Type 

Coax 

Hllbox 

Pillbox 

Pillbox 

TEii 

TEii 

TEoi 

TEoi 

TEii 

TEii 

TW 

Ml 

TW 

TW 

TW 

Windows/Klystron 

1 

1 

2 

4 

2 

2 

1 

1 

2 

2 

Overall  Length  (m) 

2.0 

2.5 

2.5 

1.5 

1.5 

1.3 

1.3 

1.46 

1.46 

(1)  Perveance  per  beam  in  multibeam  klystron.  (2)  T| (Max)  «  0.80  -  0.15  x  Microperveance.  (3)  In  flat-top  portion  of 


pulse. 
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Tablelll.  Modulator  Parameters;  Design  Goals  and  Achieved  to  Date 


TESLA 

SBLC 

JLC 

NLC 

VLEPP 

Modulator  Type^) 

Storage  cap. 

PFN 

Blumlein  PFN 

Blumlein  PFL 

Gridded  Gun 

with  bouncer 

see  6) 

Design 

Ach.'d 

Design 

Ach.'d 

Design 

Ach.'d 

Design 

Ach.5) 

Ach.'d 

Flat  Top  Pulse  Length,  Tk  (|is) 

1314 

2010 

2.8 

3.0 

0.5 

0.7 

1.2 

1.5 

WBil 

■Bl 

PFN  Voltage  (kV) 

9 

10 

65 

43 

120 

80 

455 

400 

1000 

■n 

Transformer  Ratio  n 

1:13 

1:13 

1:18 

1:23 

1:5 

1:7 

1:7 

1:20 

— 

— 

Rise/Fall  Energy  Effic  (%) 

86.5 

«65 

89 

70 

80 

=  60 

Scaled  Energy  Effic.^)  (%) 

99 

__ 

70 

65 

79 

70 

81 

58 

— 

— 

I^R/Thy./Core  Loss  Effic.  (%) 

97 

95 

97 

97 

Energy  Stored  on  PFN^)  (J) 

1000 

1650 

174 

258 

Power  Supply  Efficiency  (%) 

95 

90 

95 

93 

=  90 

Mod.  Eff.  without  Aux.  Power  (%) 

79.5 

=  60 

82 

72 

=  52 

95 

Auxiliary  Powei^)  (kW) 

1.5 

3 

1.5 

1.5 

1.5 

0.3 

Net  Modulator  Efficiency  (%) 

86 

86 

77.5 

59 

80 

70 

92.5 

Ave.  AC  Input  Power  (kW) 

155 

54.2 

88 

29 

51.5 

40.5 

(Including  Auxiliary  Power) 

(1)  PFN  =  lumped  element  pulse  forming  network;  PFL  =  pulse  forming  line  (transmission  line). 

(2)  See  text. 

(3)  Energy  switched  per  pulse  from  storage  element  for  TESLA  and  VLEPP. 

(4)  Includes  thyratron  cathode  heater  and  reservoir  heater  power. 

(5)  With  standard  (not  Blumlein)  PFN. 

(6)  Uses  a  PFL  as  energy  storage  element. 


JLC 

NLC 

VLEPP  1 

Type  of  Pulse  Comp.  System^) 

DLDS 

SLED-n 

Design 

Ach.’d 

Ach.'d 

Ach.'d 

Compression  Ratio 

2 

5 

6 

4.55 

4.55 

Input/Output  Pulse  Length  (ns) 

500/250 

1200/240 

900/150 

500/110 

500/110 

Compression  Efficiency  {%) 

98 

76.5 

73 

74 

72 

Power  Gain 

1.96 

3.83 

3.7 

3.37 

3.3 

Power  Transmission  Efficiency 

95 

94 

84 

95 

95 

Power  Gain  Including  Transmission  Loss 

1.86 

3.60 

3.0 

3.20 

3.1 

Net  Efficiency  Including  Trans.  Loss  (%) 

93 

72 

70 

Length  of  Structure  per  Power  Unit  (m)^) 

5.24 

7.20 

4.00 

Power  at  Structure  per  Power  Unit  (MW) 

524 

360 

150 

480 

Maximum  Power  in  P.C.  System  (MW) 

282 

380 

205 

250 

150 

Required  Klystron  Power  (MW) 

2x141 

2x50 

2x75 

(1)  DLDS  =  Delay  Line  Distribution  System;  VPM  =  VLEPP  Power  Multiplier. 

(2)  The  power  transmission  efficiency  in  percent  for  TESLA,  SBLC,  TBNLC  and  CLIC  are,  respectively,  96,  97,98,  and  90. 

(3)  A  power  unit  is:  TESLA,  one  klystron  with  modulator  feeding  thirty-two  1.04  m  accelerating  sections;  SBLC,  one 
klystron  with  modulator  feeding  two  6.0  m  sections;  JLC,  two  klystrons  with  two  modulators  driving  one  pulse 
compression  unit  which  feeds  four  1.31  m  sections;  NLC,  one  modulator  driving  two  klystrons  which  together  drive  one 
pulse  compression  unit  feeding  four  1.8  m  sections;  TBNLC,  one  transfer  structure  for  each  1.8  m  section;  VLEPP,  one 
grid-modulated  klystron  driving  two  VPM  cavities  which  together  feed  four  1.0  m  sections;  CLIC,  one  transfer  structure 
driving  two  0.28  m  sections.  The  total  number  of  power  units  (2  linacs)  are:  TESLA,  604;  SBLC,  2517;  JLC,  1804; 
NLC,  1968;  TBNLC,  3938;  VLEPP,  1400;  CLIC,  11233. 
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THE  UPGRADED  RE  SYSTEM  FOR  THE  AGS 
AND  HIGH  INTENSITY  PROTON  BEAMS* 


J.M.  Brennan 

AGS  Department,  Brookhaven  National  Laboratory 
Upton,  New  York  11973-5000  USA 


Abstract 

The  AGS  has  been  upgraded  over  the  past  three  years  to 
produce  a  record  beam  intensity  of  6  x  10^^  protons  per  pulse  for 
the  fixed-target  physics  program.  The  major  elements  of  the 
upgrade  are:  the  new  1 .5  GeV  Booster  synchrotron,  the  main 
magnet  power  supply,  a  high  frequency  longitudinal  dilution 
cavity,  a  feedback  damper  for  transverse  instabilities,  a  fast 
gamma  transition  jump  system,  and  a  new  high-power  rf  system. 
The  new  rf  system  and  its  role  in  achieving  the  high  intensity 
goal  are  the  subjects  of  this  report. 

The  rf  system  is  heavily  beam  loaded,  with  7  Amps  of  rf 
current  in  the  beam  and  a  peak  power  of  0.75  MW  delivered  to 
the  beam  by  ten  cavities.  As  an  example  of  the  scale  of  beam 
loading,  at  one  point  in  the  acceleration  cycle  the  cavities  are 
operated  at  1.5  kV/gap;  whereas,  were  it  not  for  the  new  power 
amplifiers,  the  beam-induced  voltage  on  the  cavities  would  be 
over  25  kV/gap.  The  upgraded  rf  system,  comprising:  new 
power  amplifiers,  wide  band  rf  feedback,  improved  cavities,  and 
new  low-level  beam  control  electronics,  is  described.  Results  of 
measurements  with  beam,  which  characterize  the  system’s 
performance,  are  presented.  A  typical  high  intensity  acceleration 
cycle  is  described  with  emphasis  on  the  key  challenges  of  beam 
loading. 

L  CAVITY 

Figure  1  shows  a  schematic  drawing  of  one  of  the  ten  cavity 
stations,  comprising  four  feiTite-loaded(4L2)  push-pull  cells 
connected  in  parallel.  Each  cell  provides  up  to  10  kV.  The  ferrite 
bias  current,  0  to  1500  A,  flows  in  the  walls  and  interconnecting 
"bus  bars".  They  operate  between  1.6  and  4.5  MHz.  The  range 
for  protons  is  2.7  to  3.0  MHz,  but  the  full  range  is  needed  for 
heavy  ions.  The  upgrade  program  did  not  need  to  substantially 
change  the  cavities,  however,  two  important  improvements  were 
made. 


R/Q 

With  batch  filling  from  the  Booster,  the  AGS  must  operate 
with  a  partially  filled  ring  at  high  intensity  and  is  subject  to 
transient  beam  loading.  The  best  cure  for  transient  beam  loading 
is  to  reduce  the  R/Q  of  the  cavity.  For  these  cavities 

*Work  performed  under  the  auspices  of  the  U.S.  Department  of 
Energy. 


Figure  1.  The  four-cell  cavity  with,  tetrode  power  amplifier, 
feedback  amplifier,  split  loading  capacitors  at  the  gaps,  and 
damping  on  the  bus  bars. 


the  R/Q  is  easily  controlled  by  the  external  capacitors  loading  the 
gaps.  For  the  upgrade  the  capacitance  was  increased  as  much  as 
possible.  The  limit  is  given  by  the  ferrites.  As  the  capacitance 
increases,  the  biasing  of  the  ferrites  must  increase.  However,  the 
dissipation  in  the  ferrites  increases  with  bias  but  must  be  below 
300  mW/cml  In  addition,  the  ferrite  exhibits  a  Q-loss  instability 
at  the  top  frequency  which  also  depends  on  bias.  The  capacitors 
were  increased  from  275  pF  to  600  pF.  The  intrinsic  capacitance 
of  the  structure  is  130  pF.  Therefore,  the  R/Q  was  decreased  by 
a  factor  of  1.8  to  a  value  of  80  Q  at  midband. 


Higher  Order  Modes 

Larger  loading  capacitors  brought  down  the  frequencies  of 
resonant  modes  on  the  "bus  bars"  connecting  the  cells.  These 
higher  order  modes  interfere  with  the  rf  feedback  and  cause 
narrowband  impedances  capable  of  driving  coupled-bunch 
longitudinal  beam  instabilities.  Damping  of  these  modes  was 
facilitated  by  existing  extra  leadouts  from  the  gaps,  on  the  left 
side  of  the  beam  tube  as  well  as  the  right.  By  adding  "bus  bars" 
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on  the  left  side,  in  parallel  with  those  on  the  right,  and  splitting 
the  loading  capacitors  to  300  pF  on  each  side,  the  frequencies  of 
the  higher  order  modes  were  increased.  Then,  the  modes  were 
effectively  danced  by  resistors  in  parallel  with  all  the  "bus  bars". 
The  resistors  are  40  Q,  25  mm  by  600  mm  low-inductance  power 
resistors. 


II.  POWER  AMPLIFIER 

Power  Tetrode 

The  power  amplifier  uses  a  Thomson-CSF  TH573  300  kW 
tetrode  in  the  grounded-cathode  configuration.  The  anode  power 
supply  can  deliver  an  input  power  of  390  kW.  The  tube  must 
provide  60  kW  to  drive  the  four-cell  cavity  to  40  kV,  and 
provide  up  to  75  kW  of  beam  power  at  6  x  10^^  ppp.  There  are 
ten  amplifier/cavities  in  the  system.  The  surplus  installed  power 
provides  the  opportunity  for  future  intensity  upgrades  but  also  is 
instrumental  for  achieving  stability  under  the  heavily  beam- 
loaded  conditions.  The  choice  of  a  tetrode  is  attractive  because 
it  leads  straightforwardly  to  a  stable  amplifier.  The  high  power 
tetrode  has  the  additional  feature  of  a  relatively  low  anode 
resistance  which  significantly  loads  the  cavity,  thereby  reducing 
its  impedance.  This  property  is  an  integral  part  of  rf  system's 
design,  as  it  yields  a  factor  of  three  or  more  of  broadband  imped¬ 
ance  reduction.  A  beneficial  aspect  of  this  type  of  impedance 
reduction  is  that  it  can  be  dynamically  controlled  by  changing 
the  grid  bias  of  the  tube.  In  this  way  the  loading  effect  can  be 
enhanced  at  key  points  in  the  acceleration  cycle  and  then 
reduced,  to  conserve  power,  when  not  necessary.  Typically  the 
amplifier  operates  in  class  ABl,  but  is  put  into  class  A  at  peak 
beam  loading  times  and  is  biased  to  cut-off  when  the  rf  system 
is  off  (roughly  60%  of  the  repetition  period). 

Reactive  Power 

At  times  the  power  amplifier  must  drive  a  de-tuned  load. 
Transients  occur  at  injection,  transition,  and  de-bunching  (at  the 
unstable  fixed  point)  before  the  slow  extraction.  The  cavity 
tuning  servos  require  about  3  ms  to  settle  to  the  new 
compensation  current.  To  maintain  constant  cavity  voltage 
during  the  settling  time,  the  power  amplifiers  must  deliver 
reactive  current.  As  much  as  50  A  average  reactive  current  could 
be  called  for  at  transition.  In  this  case  the  power  tetrode  would 
reach  1 80  A  peak  during  the  rf  cycle. 

Coupling  to  the  Cavity 

To  fully  exploit  the  low  plate  resistance  of  the  power  tube,  it 
must  couple  to  the  gap  without  impedance  transformation. 
Further,  the  line  must  be  short  to  prevent  standing  wave  modes 
at  low  frequency.  Also,  wideband  rf  feedback  requires  a 
minimum  of  delay  in  the  feedback  path.  Figure  1  shows  the 
coupling  line  between  tube  and  gap,  which  is  1.5  m  long.  The 
line  crosses  a  gap  and  Ihe  current  returns  to  ground  by  encircling 
the  ferrite  of  both  halves  of  the  cavity  cell.  The  single-ended 
voltage  on  the  anode  appears  as  an  equal  magnitude  push-pull 


voltage  on  the  gap,  hence  the  impedance  ratio  is  1 : 1 .  Referred  to 
a  single  gap,  however,  the  tube  impedance  is  effectively 
quadrupled  because  the  four  cells  are  in  parallel.  The  line  travels 
inside  the  beam  tube  in  the  vacuum,  eliminating  potential  high 
voltage  breakdown  problems.  The  beam  is  shielded  from  the  line 
by  a  grounded  inner  sleeve.  To  install  the  coupling  line,  the 
cavities  were  disassembled  into  individual  cells.  This  provided 
an  opportunity  to  upgrade  all  the  vacuum  seals  of  the  cavities. 
Fortunately,  neither  the  ceramic  insulators  at  the  gaps  nor  the 
ferrite  stacks  had  to  be  disassembled.  The  coupling  line  is  water 
cooled  with  approximately  2  gpm  of  flow. 


III.  RF  FEEDBACK 

At  injection  the  cavities  are  operated  at  1.5  kV/gap,  which 
requires  0.5  A  of  current  from  the  power  amplifier ,(1^).  At  6  x 
10‘^  ppp  the  rf  beam  current,  (4),  is  6.0  A,  implying  a  beam 
loading  parameter,  of  12.  It  has  been  shown  [1,2]  that  when 
the  beam  loading  parameter  becomes  greater  than  2  the  beam 
control  loops,  tuning,  AVC,  and  phase,  are  cross-coupled  and 
become  unstable.  RF  feedback  is  needed  to  reduce  the  effective 
beam  loading  parameter.  Feedback  reduces  the  perturbations  of 
the  gap  voltage  by  the  value  of  the  loop  gain,  and  the  beam 
current,  seen  from  the  control  loops,  is  effectively  reduced.  Loop 
gains  of  17  dB  and  greater  (depending  on  the  operating  point  of 
the  tetrode)  are  used  to  reduce  the  beam  loading  parameter  to 
less  than  1.7. 

Other  peripheral  benefits  follow  from  rf  feedback:  1 .  cavity 
control  is  linearized,  the  AVC  loop  does  little;  2.  phasing  of  the 
cavities  is  essentially  independent  of  tuning  servo  errors;  and  3. 
the  modulation  response  time  of  the  cavities  is  reduced  by  the 
loop  gain.  The  hardware  of  the  rf  feedback  is  described  in  some 
detail  elsewhere. [3,4]  Some  key  points  deserve  emphasis.  The 
feedback  amplifier  is  a  closed-loop  circuit  itself.  It  must  have 
wide  bandwidth  to  add  minimal  phase  shift  in  the  cavity  loop. 
For  phase  margins  less  than  60®  the  closed  loop  response  will 
exhibit  gain  peaking  which,  increases  the  cavity  impedance  at 
adjacent  revolution  harmonics.  Unstable  coupled-bunch  modes 
could  be  driven  by  the  peaking.  Closed  loop  operation  of  the 
feedback  amplifier  adds  negligible  delay  to  the  cavity  loop,  and 
phase  margins  greater  than  60®  are  maintained.  The  key 
component  for  achieving  the  wide  bandwidth  is  the  attenuator 
that  senses  the  grid  voltage.  The  load  resistance  on  the  grid  is  set 
to  200  Q.  This  is  a  compromise  between  a  low  value  to  keep  the 
Q  of  the  tuned  circuit  low  and  a  high  value  to  limit  the  required 
current  from  the  amplifier.  Attempts  to  transform  a  standard  50 
Q  load  to  200  Q  resulted  in  spurious  resonances  that  de¬ 
stabilized  the  loop.  A  better  solution  was  to  obtain  a  special  (- 
Altronics  Research  Inc.),  water-cooled,  200  Q  10:1  attenuator 
which  gave  a  clean  spectrum  to  very  high  frequencies.  Finally, 
the  control  grid  of  the  tetrode  constitutes  a  significant  capacitive 
load  (~lnF)  which  must  be  driven  to  300  Volts. 
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Figure  2.  Cavity  Impedance  measurements;  a.  Beam  current,  b.  Cavity  voltage  with  amplifier  off,  c.  Cavity  voltage  with  amplifier 
and  rf  feedback  on. 


By  resonating  the  grid  capacitance  with  a  variable  inductor,  the 
size  of  the  feedback  amplifier  is  kept  modest.  The  inductor  is  a 
biased  ferrite  (4M2).  Bias  current  is  derived  from  a  measurement 
of  the  operating  frequency. 

Protection  Systems 

Six  systems  prevent  damage  from  over-power  situations.  1. 
A  fast  crowbar  circuit  on  the  tetrode  anode  voltage  protects 
against  arcs  within  the  tube  or  sudden  loss  of  grid  bias.  2.  A  slow 
overload  circuit  shuts  down  the  anode  power  supply  at  35  A 
average  current.  3.  If  the  rf  voltage  at  the  control  grid  exceeds 
300  V,  the  drive  signal  to  the  power  amplifier  is  shut  down.  4.  A 
window  comparator  about  the  reference  signal  for  the  A  VC  loop 
checks  for  out-of-range  situations,  such  as,  a  spark  in  the  cavity. 
This  circuit  inhibits  the  power  amplifier  drive.  5.  The  feedback 
amplifier  is  equipped  with  a  input  voltage  limiter  made  from  PIN 
diodes.  The  limiter  would  act  in  the  event  that  the  feedback 
signal  from  the  cavity  failed.  6.  The  bias  current  for  the  ferrites 
of  the  cavity  and  grid  resonator  are  monitored  and  interlock  the 
rf  drive  on  a  fault. 

IV.  MEASUREMENTS  WITH  BEAM 

The  beam  provides  a  pure  current  source  and  makes  a 
definitive  probe  of  the  cavity  impedance.  By  storing  the  beam 
with  nine  of  the  cavities,  the  voltage  induced  on  a  test  cavity  was 
measured.  Three  aspects  of  the  cavity  impedance  have  been 
measured:  1 .  the  transient  response  to  a  single  bunch  yields  the 
R/Q,  2.  the  impedance  at  the  fundamental  rf  component  yields 
the  cavity  and  power- tube  resistance,  3.  the  shape  of  the 
impedance  shows  the  effect  of  rf  feedback. 

R/Q 

A  single  bunch  of  2  x  10*^  protons,  120  ns  wide  was  injected 
into  the  ring  and  the  induced  voltage  on  a  cavity  was  observed. 
From  the  response  of  the  cavity  to  the  first  bunch  passage,  an 
R/Q  of  81  Q  was  obtained.  This  is  consistent  with  the  size  of 
loading  capacitors,  600  pF. 


RF  Feedback 

RF  feedback  does  not  reduce  the  impedance  of  the  cavity  but 
it  does  reduce  the  impedance  that  the  beam  "sees”.  It  also  reduces 
the  beam  intensity  that  the  beam  control  loops  "see".  To  measure 
the  effectiveness  of  the  feedback  the  cavity  was  stimulated  with 
beam  of  wide  spectral  content  by  using  a  single  bunch,  kept 
short  by  the  other  cavities.  Figure  2a  shows  the  spectrum  of  the 
beam  current.  The  short  bunch  makes  spectral  lines  of  almost 
constant  amplitude  over  the  first  17  revolution  harmonics.  The 
cavity  is  tuned  to  the  eighth  harmonic  with  the  power  amplifier 
off  and  shows  a  characteristic  resonance  response  with  a  Q  of  50 
in  Figure  2b.  In  Figure  2c  the  power  amplifier  and  the  rf 
feedback  have  reduced  the  Q  to  5,  which  is  consistent  with  the 
feedback  loop  gain.  These  results  agree  well  with  low-level 
network  analyzer  measurements  but  are  more  rigorous  in  that 
they  stimulate  the  cavity  directly  at  the  gap  with  beam  and  are 
done  at  high  level.  At  25  MHz,  the  beam  signal  is  down  by  20 
dB  but  is  still  useful  in  showing  that  the  higher  order  modes  on 
the  busbars  have  been  effectively  damped. 

Tetrode  Output  Resistance 

The  output  resistance  of  the  power  tube  can  be  varied  over  a 
wide  range  by  changing  the  grid  bias  of  the  tube.  The  output 
resistance  was  measured  as  a  function  of  plate  current  with  a  full 
complement  of  bunches  in  the  ring.  Two  spectrum  analyzers, 
triggered  simultaneously,  measured  the  beam  from  a  longitudinal 
pick-up  and  the  cavity  voltage.  By  measuring  with  the  tetrode 
switched  off,  the  resistance  of  bare  cavity  was  determined.  Three 
precautions  were  necessary  to  insure  that  only  the  tube  resistance 
changed  as  the  tube  current  was  varied:  1 .  the  cavity  was  kept  on 
resonance  by  locking  the  tuning  servo  to  the  beam,  2.  incidental 
negative  feedback  around  the  tube  caused  by  plate- to- grid 
capacitance  was  negated  by  switching  the  input  of  the  feedback 
amplifier  to  ground,  3.  the  level-dependence  of  the  ferrite  loss 
was  avoided  by  making  measurements  at  constant  gap  voltage  by 
varying  the  beam  current.  Figure  3  shows  the  results  as  function 
of  tube  current.  Measured  conductances  are  plotted,  along  with 
values  obtained  from  manufacturer’s  tube  characteristics  curves. 
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Hie  agreement  is  good.  These  results  demonstrate  that  the  beam 
loading  capability  of  the  rf  system  can  be  boosted  by  a  factor  of 
three  at  key  points  in  the  cycle  by  changing  the  operating  point 
of  the  tube. 


Plate  Current  [A] 

Figure  3.  Output  conductance  of  the  power  tetrode  versus 
average  plate  current.  Squares  are  from  tube  characteristics. 


V.  HIGH  INTENSITY  OPERATION 

A  comprehensive  discussion  of  the  challenges  of  high 
intensity  operation  is  given  elsewhere  in  these  proceedings.  [5] 
The  discussion  here  focuses  on  the  issue  of  beam  loading.  The 
critical  points  in  the  cycle  for  beam  loading  are  at:  injection  and 
accumulation,  gamma  transition,  and  de-bunching  before  the 
slow  beam  extraction.  Figure  4  shows  some  key  signals  of  the 
high  intensity  proton  operating  cycle.  One  can  see  that  at  the 
critical  points  the  rf  voltage  is  low,  aggravating  the  beam  loading 
effect  At  transition  and  de-bunching  the  tube  current  is  momen¬ 
tarily  bumped  up. 

Injection  and  Accumulation 

The  Booster  supplies  two  bunches  of  1.5  GeV  (kinetic) 
protons  four  times  at  133  ms  intervals.  At  high  intensity  it  is 
essential  to  keep  the  bunches  as  long  as  possible  to  minimize 
space  charge  tune  shifts.  This  implies  that  the  rf  voltage  be  low, 
but  not  zero,  so  that  the  beam  stays  bunched  to  provide  clear 
space  on  the  ring  for  the  incoming  beam.  The  voltage  is  limited 
on  the  low  side  by  the  need  for  enough  bucket  height  to  cover 
the  Booster  beam  momentum  spread.  How  the  bunches  become 
long  (roughly  double  in  length)  is  an  important  matter.  Simple 
filamentation  in  a  mismatched  bucket  leads  to  "hot  spots"  in  the 
bunch  distribution.  Furthermore,  each  batch  of  bunches  has  a 
different  history  with  the  first  batch  waiting  400  ms  for  the  last 
to  arrive.  While  at  transition  one  wants  the  eight  bunch  distribu¬ 
tions  to  be  as  equal  as  possible.  An  additional  constraint  on  the 
possibilities  at  injection  comes  from  the  fast  transition  jump 
system.  In  perturbing  the  machine  lattice  it  multiplies  the 
dispersion  function  by  a  factor  of  four  and  constricts  the 


momentum  aperture  of  the  machine.  This  constriction  limits  the 
maximum  longitudinal  emittance  before  transition  and  implies 
low  rf  voltage  must  be  used  to  make  long  bunches.  In  the  fixed- 
target,  slowly-extracted-beam  mode  there  is  no  premium  on  low 
emittance.  In  fact,  after  transition  the  emittance  is  intentionally 
blown  up  by  a  factor  of  three  before  extraction. 


Figure  4.  High  intensity  proton  operation.  From  bottom:  beam 
intensity,  main  magnet  field  derivative,  net  rf  voltage,  and  typical 
power  amplifier  average  current.  Arrow  at  bottom  indicates 
transition.  Time  axis  is  2  s  full  scale. 

The  injection  and  accumulation  phase  is  the  principal 
challenge  of  high  intensity  operation.  The  following  strategy  has 
evolved.  The  rf  is  operated  at  low  voltage,  1 .5  to  2  kV/gap  (x  40 
gaps).  The  bunches  are  injected  off-center  in  the  bucket,  causing 
a  dipole  synchrotron  oscillation,  mixed  with  quadruple  oscilla¬ 
tion  from  the  low  voltage.  A  high  frequency  (33xQ  "dilution" 
cavity  supplies  20  kV  for  50  ms  after  each  injection.  The  local 
non-linearities  from  the  high  frequency  smooth  out  the  bunch 
distribution  and  eliminate  the  hot  spots  [6].  To  prevent  the  dipole 
oscillation  of  the  new  batch  from  imposing  a  new  dipole 
oscillation  on  the  old  batches  via  the  phase  loop  (average  phase), 
and  driving  additional  dilution,  the  new  batch  is  gated  out  of  the 
phase  measurement,  tum-by-tum,  until  the  dipole  signal  has 
damped  to  zero  from  filamentation  and  dilution. 

Transition 

Because  of  the  dispersion  blow-up  caused  by  the  transition 
jump  system  the  rf  voltage  is  dropped  to  the  point  where  the 
bucket  area  equals  the  emittance  while  the  jump  system  operates. 
This  minimizes  the  beam  momentum  spread  and  is  essential  for 
controlling  losses.  From  Figure  4  one  can  see  that  the  beam  loss 
occurs  before  the  actual  transition,  while  the  jump  quadrupoles 
are  ramping  up. 

The  power  amplifier  must  drive  a  de-tuned  (anti-compen¬ 
sated)  cavity  for  3  to  5  ms  after  the  transition  phase  jump  until 
the  tuning  servo  settles  to  compensate  the  reactive  beam  current. 
For  the  cavity  voltage  to  remain  stable  the  amplifier  must  supply 
2IbCos((P^)  X  (4  gaps)  of  reactive  current.  At  6  x  10^^  ppp,  and 
synchronous  phase  angle,  (p  =63^  this  is  25  A.  While  the  real 
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part  of  the  current  is  35  A.  A  vector  diagram,  foiloAving  the 
conventions  of  Pedersen  [1],  of  the  currents  at  transition  is 
shown  in  Figure  5.  As  shown  in  Figure  4  the  average  tube 
current  has  been  bumped  up  to  23  A  dc  for  20  ms  at  transition. 
The  benefits  of  the  power  boost  are,  lower  plate  resistance,  as 
discussed  above,  and  higher  transconductance  of  the  tube  which 
increases  rf  feedback  loop  gain.  The  currents  at  this  intensity  are 
well  within  the  capability  of  the  tetrode. 


- lg2(A) 

Figure  5.  Phasor  diagram  of  currents  at  transition.  The  voltage  is 
horizontal  to  the  right.  Iq  is  current  with  zero  beam.  Ig  is  beam 
current,  which  flips  at  transition.  Ig  is  tube  current. 

Duck  Under  Transition 

The  diagram  of  Figure  5  illustrates  that  a  larger  synchronous 
phase  angle  leads  to  less  reactive  current.  Ultimately,  at  90P  there 
is  zero  reactive  current.  This  fact  was  actually  exploited  in  the 
first  year's  run  with  the  new  power  amplifier.  A  problem  with  the 
dc  power  supply  for  the  anode  voltage,  limited  the  available 
voltage  and  current  to  the  extent  that  insufficient  reactive  current 
was  produced[4].  To  get  smoothly  through  transition  the 
synchronous  phase  was  raised  to  9(f  at  transition  by  dropping 
the  rf  voltage,  then  returned  to  the  normal  value  in  about  5  ms. 
The  tuning  servo  can  track  this  rate,  so  the  cavity  remains 
compensated  at  all  times.  This  is  the  old  scheme  of  "ducking 
under  transition "[7],  which  was  proposed  as  a  cure  for  transition 
problems  before  the  transition  jump  scheme  came  into  use.  The 
problem  with  ducking  under  transition  is  that  at  90°  there  is  zero 
bucket  area  and  all  the  beam  is  unstable.  It  never  really  solved 
the  transition  problem  but  it  does  have  this  spin-off  benefit  for 
the  rf  system.  However,  when  the  transition  jump  is  used  one 
never  really  gets  too  close  to  transition  and  although  distortions 
may  occur  as  the  bucket  collapses,  they  tend  to  reverse  after  the 
jump  when  the  voltage  is  raised  again.  Our  experience  has  been 
that  no  beam  loss  is  incurred  by  using  the  duck-under,  but  the 
benefit  to  the  power  amplifier  can  be  important.  This  maneuver 
could  be  useful  again  in  the  AGS  at  higher  intensities. 

De-bunching  for  Slow  Extraction 

The  most  severe  moment  of  beam  loading  is  at  de-bunching 
for  slow  extraction.  The  power  boost  indicated  in  the  top  trace  of 
Figure  4  is  used  here.  The  rf  voltage  is  low  and  the  beam  phase 
is  flipped  180°  to  the  unstable  fixed  point  to  drive  up  the  momen¬ 
tum  spread  and  cause  de-bunching.  The  rf  voltage  is  dropped  by 
a  factor  of  three  because  this  produces  the  flattopped  momentum 
distribution  needed  for  a  constant  extraction  rate  over  1.2  s.  The 
combination  of  low  rf  voltage  and  a  fast  180°  phase  jump  taxes 


the  power  amplifier/cavity  system.  All  the  beam  current  is 
reactive  so  the  amplifier  must  supply  over  50  A  while  the  tuning 
servo  changes  the  impedance  angle  by  160°. 

A  much  less  demanding  situation  occurs  if  the  net  voltage 
reduction  is  obtained  by  counter  phasing  the  cavities  in  pairs  to 
144°.  The  individual  cavity  voltage  is  not  reduced  so  Ig  stays 
high  (the  ferrite  resistance  is  also  lower  by  a  factor  of  two).  Most 
importantly,  there  is  zero  reactive  current  called  for.  There  is  real 
current  of  opposite  sign  and  different  magnitude  between  the 
cavity  pairs,  but  the  magnitude  is  less  than  the  reactive  current 
without  counter  phasing.  Before  the  phase  flip  all  the  cavities  are 
compensated  by  the  tuning  servos  with  the  same  impedance 
angle.  When  the  net  cavity  phase  jumps  1 80^,  the  counter-phased 
cavities  just  change  roles.  The  signs  and  magnitudes  of  the  real 
currents  interchange  but  the  tuning  servo  is  not  perturbed,  since 
it  feeds  back  on  the  reactive  current.  See  Figure  6. 


Figure  6.  Left,  current  phasors  without  counter  phase.  Right, 
cavity  voltage  vectors  with  counter  phase.  Bottom,  phasors  with 
counter  phase. 

VI.  CONCLUSION 

The  new  high  power  rf  system  for  the  AGS  has  been  com¬ 
pleted  and  accelerates  a  record  intensity  of  6  x  10^^  protons  per 
pulse.  Measurements  with  beam  of  the  impedance  of  the  cavity- 
power  amplifier  system  have  been  carried  out.  The  capability  to 
accommodate  heavy  beam  loading  has  been  demonstrated  and 
indicate  that  the  intensity  goal  of  7  x  itf^  protons  per  pulse  for 
1996  is  realistic. 
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Free-electron  laser  (FEL)  amplifiers  have  demonstrated 
high  efficiency  and  high  output  power  for  microwave 
wavelengths.  However,  using  present  technology,  microwave 
FEL  amplifiers  are  not  phase  stable  enough  to  be  suitable  for 
driving  linear  accelerators,  where  several  such  amplifiers  need 
to  be  phase  locked.  The  growing  wave’s  phase  sensitivity  to 
the  beam  voltage  in  the  smalLsignal  regime  is  responsible  for 
the  largest  contribution  to  this  phase  instability.  We  discuss 
a  scheme  that  reduces  the  phase  sensitivity  to  the  beam 
voltage  by  operating  off  synchronism  and  matching  the  phase 
variation  resulting  from  the  desynchronism  to  the  phase 
variation  from  the  reduced  plasma  wavenumber  as  the  beam 
voltage  changes. 

L  INTRODUCTION 

Free-electron  lasers  (FELs)  have  demonstrated  both  high 
beam-to-rf  power  extraction  efficiencies  (-30%)  [1]  and  high 
output  power  (on  the  order  of  gigawatts)  [2],  and  have  been 
considered  as  candidates  to  drive  high-frequency  advanced 
accelerators  like  those  proposed  for  linear  colliders  [3]. 
However  poor  phase  stability  has  been  predicted  and  measured 
for  FELs  [4,5].  Typical  accelerator  applications  require  rf 
phase  stability  on  the  order  of  5^  of  phase,  and  advanced 
accelerator  applications  such  as  bunch  compression  [6]  and 
short- wavelength  FELs  require  stability  to  or  less  [7]. 
Phase  noise  in  microwave  FELs  arises  from  fluctuations  in 
tube  voltage,  current,  confining  magnetic  field  strength,  and 
other  tube  parameters.  Typically,  the  largest  effect  is  from 
voltage  fluctuations.  Electron  beams  for  practical  FELs  used 
as  rf  sources  will  have  diode  voltages  of  1/2  to  1  MV  with 
voltage  stabilities  on  the  order  of  1/4%.  Measured  and 
simulated  FEL  phase  stability  to  date  has  been  on  the  order  of 
a  20^  to  40^  shift  per  percent  voltage  fluctuation  [5,8,9]. 
This  level  of  phase  stability  does  not  satisfy  advanced 
accelerator  requirements. 

In  a  klystron,  the  phase  of  a  cavity  is  completely 
determined  by  the  absolute  phase  of  the  harmonic  current  at 
that  location.  If  the  beam  energy  is  shifted  slightly  by  5j , 
we  can  expect  that  the  output  phase  will  shift  by 
50  = -(^^L/ 7(y-Hl))(57/(7-l))  where  L  is  the  total 
device  length  and  the  electron  propagation  number 
is  =  (o  /  Pc ,  and  where  co  is  the  frequency  of  operation  and 
P  is  the  beam  axial  velocity  normalized  to  the  speed  of  light. 
For  a  500  keV  beam  in  a  half-meter-long  11.4  GHz  klystron, 
a  1/4%  shift  in  the  voltage  will  lead  to  about  a  3^  phase 
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shift.  Note  that  if  the  product  coL  is  kept  constant,  tubes  at 
other  frequencies  will  have  the  same  phase  shift  for  the  same 
voltage  shift.  However,  since  the  space-charge  bunching 
length  is  independent  of  operating  frequency,  the  product  (oL 
will  in  general  increase  as  the  frequency  is  increased  and  we 
can  expect  that  a  20  GHz  tube  will  have  phase  variations  on 
the  order  of  5^,  and  higher  frequency  tubes  will  have  even 
larger  phase  variations.  Lower  frequency  klystrons  typically 
have  phase  stability  better  than  1^  [7]. 

The  phase  shift  in  an  FEL  due  to  the  transit  time  effect  is 
the  same  as  for  a  klystron.  However,  the  effect  of  the  space- 
charge  wave  and  the  transit  time  of  the  electron  beam  are  not 
separable  in  a  FEL  as  they  are  in  a  klystron.  This  will 
introduce  new  physical  effects,  one  of  which  is  the  possibility 
of  using  fluctuations  in  the  space-charge  wave  to  counter 
fluctuations  in  the  beam’s  transit  time  through  the  device. 

In  this  paper  we  will  explicitly  demonstrate  that  the 
phase  dependency  on  the  space-charge  wave  can  effectively 
cancel  the  phase  dependency  on  the  beam’s  transit  time  factor 
for  the  FEL  interaction.  We  will  do  this  by  analyzing  the 
dispersion  relation  for  an  axial  FEL,  which  is  used  instead  of 
the  conventional  transverse  FEL  for  simplicity.  We  will  also 
present  numerical  solutions  of  the  dispersion  relation 
exhibiting  the  phase-stable  condition. 

IT  DISPERSION  RELATION 
FOR  AN  AXIAL  FEL 

Recently,  an  axial  FEL  interaction  was  proposed  for  the 
generation  of  gigawatt  microwave  radiation  [10].  In  this 
device,  an  annular  electron  beam  interacts  with  the  axial 
electric  field  of  a  TMq/h  mode  in  a  circular  waveguide.  The 
radius  of  this  waveguide  is  periodically  rippled  which  causes 
the  mode  to  radially  expand  and  contract.  The  ripple 
amplitude  is  only  a  few  percent  of  the  average  radius,  and  the 
mode  is  able  to  adiabatically  conform  to  the  gradual  change  in 
the  waveguide  radius.  The  axial  FEL  interaction  for  a 
synchronous  particle  is  shown  in  Figure  1.  The  annulus  is 
located  at  a  radius  corresponding  to  a  zero  of  the  axial  electric 
field  of  that  mode  in  a  waveguide  with  a  radius  equaling  the 
mean  radius  of  the  rippled  waveguide.  When  an  electron  is  at 
the  axial  position  of  the  smallest  waveguide  radius  the  axial 
electric  field  at  the  location  of  the  electron  opposes  the 
electron’s  motion.  As  the  electron  travels  to  the  region  of 
larger  radius  the  rf  slips  by  the  electron.  When  the  electron  is 
at  the  location  of  the  maximum  waveguide  radius  one  half  of 
a  rf  wavelength  has  slipped  by,  resulting  in  a  sign  change  in 
the  mode's  fields.  Additionally,  the  electron  is  experiencing 
the  electric  field  at  a  radius  larger  than  the  axial  field  zero 
instead  of  a  radius  smaller.  This  switch  from  one  side  of  the 
null  of  the  axial  electric  field  to  the  other  provides  another 
sign  change  in  the  axial  field  at  the  location  of  the  electron, 
and  the  electric  field  is  again  opposing  the  electron’s  motion. 
This  interaction  is  equivalent  to  the  interaction  of  a 
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transverse-coupling  FEL  except  the  rf  field  is  wiggled  instead 
of  the  electrons  to  provide  synchronism. 


rippled  waveguide  wall 


null  of  axial  electric  field 


position  of  electron  beam 


Figure  1:  Axial  electric  field  orientations  for  a  synchronous 
particle  when  the  particle  reaches  the  centers  of  the  ripples  in  an 
axial  FEL,  in  r-z  geometry 

If  we  assume  that  the  growing  rf  mode  components  have 

an  exponential  behavior,  this  dispersion  relation  can 

be  derived  [1 1]  for  the  axial  FEL: 

(iPe  +jTf-((jT)^-k^)P,)({T-jKf  +Pl) 

=  2C^pf 


for  the  case  the  derivative  of  the  interaction  strength  with 
respect  to  vanishes.  Eq.  (4)  is  satisfied  by  the  conditions 
(for  a  constant  perveance  gun): 

A  =  -Pelr 


«  3y(r  +  m-AfPe) 

This  solution  only  makes  sense  for  y  on  the  order  of  10  or 
greater  because  of  the  typically  narrow  window  of  detunings 
that  lead  to  growing  mode  solutions.  However,  we  will  next 
show  that  the  first  equation  in  Eq.  (5)  is  required  for  gain 
stability,  and  a  minor  modification  to  the  second  equation 
will  lead  to  phase  stability  for  small  detunings. 

Let  us  assume  that  T  =  jpi  +  jk^  +  S^CPi  is  a  solution 
of  the  dispersion  relation,  Eq.  (1).  Now  let  us  consider  the 
solution  of  the  dispersion  relation  where  A  is  slightly  shifted 

(by  5^),  is  slightly  shifted  (by  ^q2)>  and  C  is 

slightly  shifted  (by  5c),  and  where  we  denote  the  new 
solution  by  r  =  jPi  +  jky^;  +  S^CPi  +  SiCPi.  Since  the 
solution  to  the  growing  mode  has  a  negative  real  component 
and  lags  behind  the  electron’s  phase  velocity,  we  can  write 
So  = -a  +  jb,  where  both  a  and  b  are  positive  and  typically 
on  the  order  of  unity.  After  solving  for  Si  by  performing  a 
first-order  expansion  we  find 


where  the  cold  rf  mode  propagation  constant  is 
Pl=co  /  V pilose  ’  tbe  gain  parameter  C  is  proportional  to  the 

beam  current  divided  by  yP^ ,  all  to  the  1/3  power,  and  the 


normalized  space-charge  wavenumber  is  P^ 


^b 


where  now  is  the  wall  radius,  is  the  beam  annulus 
radius,  /  is  the  beam  current,  is  about  17  kA,  and  Xo 
a  slowly  varying  term  close  to  unity  that  depends  on  and 
.  We  can  define  the  normalized  gain  S  and  the  detuning 
A  by 

r=jpi+jk^  +  5cpi  ^2) 

Pe  =  /?!  +  ^ 


where  ky^  is  the  wiggler  wavenumber,  given  by  2;r  divided 
by  the  wiggler  period.  Eq.  (1)  now  becomes 

l^A^+2jA5Cpi-{dCpif  (3) 

-({Pi  -k'^  -2j5CPi{Pi+k^))piyj5)  =  C^pI  . 


Now  5  and  thus  the  output  phase  can  be  make  stable  if 


^(a2  +  2jACp^  - ((/3i  +  k^f- k^ 
-2jSCpi{pi+k^)  Yl)  =  0 


(4) 


P^=^ - 

^4  3r(y  +  l) 


1- 


bA 


3{a^+b^^CPi  C  2{a^ +b^^  Pe 


a-A/pe)+ 


b({Pi+k^f-k^) 

2(a2  +b^)cpiPe 


(6) 


as  the  condition  for  phase-stable  operation. 


III.  NUMERICAL  SOLUTIONS  OF  THE 
DISPERSION  RELATION  SHOWING 
PHASE  STABILITY 


We  can  numerically  find  the  growing  root  of  the 
dispersion  relation,  Eq.  (1).  In  this  section  we  will  do  this 
for  a  variety  of  beam  energies,  demonstrating  the  phase-stable 
conditions  found  in  the  last  section  over  a  broad  operating 
range. 

A.  High  energy,  low  gain 

For  the  case  of  high  energy  and  low  gain,  the  solution 
specified  in  Eq.  (5)  is  valid  if  the  interaction  strength  is 
independent  of  beam  energy.  For  the  case  7  =  100, 

/3g=300m‘^  and  C  =  0.03,  this  solution  is  given  by 

A  =  -3  m'^  and  p^  =  6.7(10”^).  In  Figure  2  we  plot  the 
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derivatives  of  the  phase  change  per  unit  length  and  the 
amplitude  growth  with  respect  to  beam  energy,  respectively, 

as  calculated  numerically  from  Eq.  (1)  for  A  =  -3  m“^  while 

varying  and  while  assuming  the  interaction  strength  is 

independent  of  beam  energy  and  the  beam  has  constant 
perveance.  As  predicted,  both  derivatives  vanish  at 

=  6.7(10  ),  which  is  an  autostable  operating  point. 


Figure  2:  Sensitivity  of  phase  and  gain  to  beam  energy  for  low 
gain,  high  energy  case  satisfying  Eq.  (5)  as  a  function  of  space- 
charge  wavenumber. 


Figure  3:  Sensitivity  of  phase  to  beam  energy  for  medium  gain 
(C  =  0.1),  low  energy  (7  =  2)  case  as  a  function  of  the  space- 

charge  wavenumber,  for  a  detuning  A  =  -50  m‘^ . 


B.  Low  energy^  moderate  gain 

Now  let  us  consider  another  constant  perveance  case  with 
7  =  2  at  13  GHz  (so  the  beam  propagation  constant  is  about 

300  m"^),  an  output  power  of  about  1  GW,  and  with  a  device 
length  of  about  1  m.  For  these  parameters  the  gain  constant 

C  is  on  the  order  of  0.1.  For  a  detuning  of  A  =  -50  m‘^ ,  Eq. 

(6)  predicts  phase- stable  operation  at  a  space- charge  wave 


number  of  about  0.08.  In  Figure  3  we  have  plotted  the 
derivative  of  the  phase  change  per  unit  length  with  respect  to 
beam  energy  as  a  function  of  the  space-charge  wave  number 
numerically  calculated  for  this  detuning.  The  calculated 
growth  rate  is  about  11  m“^  or  about  a  factor  of  2  per 
wiggler  period  if  the  wiggle  wave  number  =  100  m‘^(a  6 
cm  wiggler  period),  and  phase-stable  operation  is  achieved 
with  a  beam  current  of  about  5  kA  at  nearly  the  predicted 
space-charge  wave  number. 

IV.  CONCLUSION 

We  have  examined  the  FEE  dispersion  relation  in  the 
Raman  regimes  and  shown  that  if  the  interaction  strength  is 
independent  of  beam  energy,  there  is  a  stable  phase  and  gain 
operating  point.  We  have  additionally  shown  that  even  if  the 
interaction  strength  depends  on  the  beam  energy  there  is  a 
phase-stable  operating  point,  which  we  then  demonstrated 
numerically.  It  should  be  noted  that  this  technique  of 
reducing  the  phase  stability  of  an  FEE  is  not  possible  with  a 
klystron,  and  that  by  proper  design  an  FEE  can  have  a  phase 
stability  an  order  of  magnitude  greater  (or  more)  than  a 
klystron, 
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klystron.  The  RF  feedback  stabilization  scheme  also 
requires  amplitude  modulation  making  it  necessary  to 
operate  the  klystron  about  10%  below  saturation. 
Performance  specifications  and  initiaJ  operating  results  are 
presented. 

I.  INTRODUCTION 

SLAC  and  Varian  have  joined  efforts  under  a 
Cooperative  Research  and  Development  Agreement 
(CRADA)  to  develop  and  test  a  nev/  UHF  super  power 
klystron  as  a  prototype  476  MFIz  RF  source  for  the 
Asymmetric  Storage  Ring  B  Factory  under  construction  at 
SLAC.  This  klystron  was  originally  designed  to  produce 
1.6  MW  CW  saturated  to  be  operated  at  90  KY,  27 
amperes.  After  the  klystron  development  was  well 
underway,  some  of  the  requirements  were  relaxed  as  a 
result  of  further  study  in  the  accelerator  physics  aspects  of 
the  machine.  As  a  result,  the  klystron  will  be  operated 
conservatively  at  83.5  KV  and  v/ould  deliver  1.2  MV/  if 
saturated.  The  klystron  will  be  operated  10%  beiov/ 
saturation  and  must  be  able  to  respond  to  fast  feedback 


A  multistage  depressed  collector,  designed  by 
Varian  rvas  very  seriousl]^  pursued  because  much  of  the 
efficiency  that  is  given  up  running  uoderdriveo  is 
recovered.  The  operating  cost  savings  v/ould  have  been 
substaniial  but  the  manufacturing  risks  and  additional 
upfront  costs  were  considered  too  great  to  continue  along 
the  MSDC  path.  The  "headroom"  needed  for  amplitude 
mod-ill  at  ion.  v/as  reduced  from  25%  to  10%.  The  design 
parameters  for  this  tube  are  listed  in  the  table  below. 

DESIGN  PARAMETERS 


Operating  Frequency  (MEz)  476 

Output  Power  at  Saiuration  (KW)  1200 

Operating  Point  Below  Saturation  (KW)  1100 

Beam  Voltage  (KV)  83.5 

Beam  Current  (A)  24.1 

Efficiency  (%)  >60 

Saturated  Gain  (dB)  >43 

1  dB  Baodwidth  (MHz)  ±3.0 

Group  Delay  at  ±0.5  Milz  (nanosec.)  100 


*Work  supported  by  Department  of  Energy  contract 
DE-AC03-76SF00515 
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IL  ELECTRICAL  DESIGN 

The  Varian  electron  gun  design  has  a  peak  cathode 
loading  of  0.31  A/cm^  and  a  maximum  surface  gradient  of 
50  KV/cm.  Computer  simulation  predicts  a  beam  diameter 
of  4.5  cm  with  a  5.8%  scallop  in  a  7  cm  tunnel  diameter. 
The  mechanical  design  was  borrowed  from  the  SLAC  5045 
gun  which  allows  adjusteent  of  the  radial  and  axial 
position  of  the  cathode  and  focus  electrode  with  respect  to 
the  anode.  The  alignment  must  be  preserved  while 
operating  horizontally.  It  is  primarily  radiatively  cooled  to 
the  anode  housing.  An  internal  copper  web  conducts  heat 
from  the  region  of  the  focus  electrode  adjacent  to  the 
cathode  out  to  the  large  outside  diameter  v/here  it  is 
radiated  away  to  the  anode  housing. 

The  7  cavity  interaction  region  designed  by  Varian 
was  optimized  for  90  KV  to  provide  the  required 
combination  of  bandv/idth  and  low  group  delay  v/ithout 
compromising  gain  or  efficiency.  As  mentioned  earlier  it 
will  be  operated  at  83.5  KV  corresponding  to  a  3%  lower 
average  beam  velocity.  The  staggered  tuning  arrangement 
of  the  first  three  cavities  is  expected  to  provide  about  6 
MHz  of  1  dB  bandwidth  and  about  150  nanoseconds  of 
group  delay  across  that  bandv/idth  as  shown  in  figures  1 
and  2  respectively,  A  cavity  tuned  slightly  below  the 
second  harmonic  of  the  operating  frequency  follov/ed  by 
two  inductively  tuned  cavities  provide  a  highly  optimized 
bunch  passing  through  the  output  resonator.  The  second 
harmonic  cavity  plays  an  important  role  in  achieving  a  low 
electron  density  in  the  antibunch  region  as  the  beam 
passes  through  the  output  gap[l][2]. 


4-95  Frequency  (MHz)  7049A3 

Figure  1.  Predicted  Small-Signal  Gain  versus  Frequency 

Response  at  90  KV 

The  output  coupling  loop  is  designed  to  give  an 
external  Q  of  36  for  the  output  cavity.  This  value  is 
slightly  below  that  which  gives  optimum  efficiency  but 
assures  that  the  lowest  velocity  electrons  will  not  cause 
regeneration.  The  entire  output  coupling  circuit  was 
modeled  using  MAFIA.  The  measured  results  for  both 
resonant  frequency  and  external  Q  agreed  with  the 
simulation  to  better  than  0.1% 


Both  ID  and  2D  PIC  codes  developed  at  Varian  were 
used  in  the  interaction  design  simulation.  Figure  3  shows 
the  predicted  saturation  curves  using  each  of  the 
Simulation  codes.  Similar  results  were  obtained  using 
JPNDISK  and  CONDOR.  The  2-D  simulations  have 
historically  shown  good  agreement  with  measured  results 
v/hile  the  LD  results  need  to  be  derated  by  about  10%. 


Frequency  (MHz) 


Figure  2.  Predicted  Group  Delay  versus  Frequency  at  90  KV 


Figure  3.  Predicted  Output  Power  versus  Drive  at  90  KV 
III.  MECHANICAL  DESIGN 

All  the  cavities  except  the  output  cavity  are  made 
from  stainless  steel  cylinders  and  end  plates  which  are 
copper  plated  for  good  RF  conductivity.  The  output  cavity, 
owing  to  its  high  wall  losses,  has  OFE  copper  walls  with 
an  outer  stainless  steel  reinforcing  structure.  Each  cavity 
except  the  output  has  a  tuning  mechanism  whereby  a 
series  of  differential  screws  are  driven  by  chains  to  move 
one  of  the  reentrant  cavity  noses  relative  to  the  other.  The 
cavities  with  this  tuning  arrangement  have  a  flexible 
copper  end  wall  to  allow  the  movement  of  the  cavity  nose. 
The  tuning  rate  for  the  cavities  are  such  that  the  ±.025  inch 
adjustment  range  gives  a  frequency  shift  of  ±1.8  MHz  for 
the  fundamental  cavities  and  approximately  twice  that  for 
the  second  harmonic  cavity.  The  tuners  may  be  used  while 
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the  tube  is  operating.  Each  cavity  except  the  output  cavity 
has  its  own  diagnostic  RF  monitor  loop.  The  noses  of  all 
cavities  except  the  prepenultimate  and  the  second 
harmonic  were  coated  with  TiN  to  help  suppress 
multipactor.  In  addition  the  input  cavity  drive  loop,  the 
output  coupling  loop  and  the  vacuum  side  of  the  output 
window  were  also  coated  for  the  same  reason.  The  output 
coupling  loop  and  all  cavities  are  water  cooled  to  stabilize 
their  operating  temperature  and  hence  frequency.  All  drift 
tubes  are  also  water  cooled  as  protection  against  electron 
beam  interception. 

The  limited  bakeout  station  clearance  required 
optimization  of  the  collector  design  to  minimize  the  tube 
length.  The  interior  is  contoured  to  have  nearly  constant 
flux  for  highest  surface  cooling  efficiency.  The  large  inside 
diameter  of  the  collector  necessitated  a  departure  from 
standard  collector  designs  where  there  is  an  inner  collector 
with  milled  cooling  channels  and  an  outer,  separable  water 
jacket.  This  is  to  avoid  excessively  high  stresses  in  the 
collector  wall  due  to  the  pressure  of  the  cooling  water. 
This  construction  technique  allows  optimal  design  of  the 
cooling  channels  and  wall  thickness  for  best  cooling 
performance.  In  addition,  one-piece  construction  allows  the 
monitoring  of  beam  deposition  by  measuring  temperatures 
on  the  outer  jacket. 

The  coaxial  output  window  has  matching  choke  hubs 
in  50  ohm  6.125  ”  diameter  coax  line.  Air  cooling  of  the 
inner  conductor  and  window  face  is  accomplished  by 
ducting  air  (approximately  50  scfm  dry  air)  through  the  T- 
bar  coupler  into  the  inner  conductor  and  across  the  window 
through  jets  at  the  bottom  of  the  inner  conductor  matching 
choke.  The  air  exits  to  the  atmosphere  via  holes  at  the 
bottom  of  the  outer  conductor  choke  hub.  The  inner  and 
outer  conductors  are  water  cooled  on  the  vacuum  side 
only. 

The  T-bar  coax  to  WR2100  waveguide  transition  was 
preferred  over  the  doorknob  type  because  of  its  good 
bandwidth  and  the  configuration  £dlows  access  to  the  inner 
conductor  for  blowing  air  and  placing  window  temperature 
monitoring  thermocouples.  It  also  allows  compliant 
coupling  between  the  inner  conductor  and  the  J-hax  to 
prevent  excessive  mechanical  loading  on  the  output 
window.  A  compliant  membrane  is  also  designed  into  the 
vacuum  side  output  coax  center  conductor. 

The  magnet  consists  of  twelve  individual  convection 
cooled  coils  that  are  airspaced  with  approximately  a  45% 
fill  factor  to  allow  access  to  the  tube  body  for  tuning.  The 
magnet  return  path  is  formed  by  four  symmetrically  placed 
four  inch  diameter  steel  pipes  that  run  the  length  of  the 
klystron  between  the  gun  end  and  collector  end  polepieces. 
The  magnet  return  path  also  serves  to  support  and  space 
the  coils  as  well  as  to  support  the  klystron  in  the  horizontal 
position.  Rails  attached  to  the  klystron  body  engage 
support  shoes  on  each  magnet  coil  support  allowing 
transverse  support  and  longitudinal  freedom  to  allow 
differential  thermal  expansion  between  the  klystron  body 
and  the  magnet  support  structure. 


The  support  structure  under  the  magnet  frame  has  both 
heavy  duty  casters  and  jack  screws  so  that  the  entire 
assembly  including  gun  oil  tank  can  be  rolled  into  place  in 
the  final  operating  position  in  the  B-Factory  klystron 
housing. 

IV,  TEST  RESULTS 

The  klystron  went  into  test  in  mid-February  and 
processed  cleanly  up  to  60  KV.  At  this  point  the  2.6  MW 
dc  power  supply  failed,  putting  an  end  to  publishing  any 
test  results  in  time  for  this  conference.  The  measured  RF 
output  power  the  lower  voltages  showed  good  agreement 
with  simulation  predictions  where  the  efficiency  is 
expected  to  be  low.  As  of  this  printing  the  klystron  is 
awaiting  the  repair  of  the  power  supply  so  that  testing  may 
continue.  There  is  every  indication  that  the  klystron  will 
meet  all  of  the  performance  predictions, 
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Abstract 

Multipacting  can  cause  breakdown  in  high  power  rf  components 
like  couplers,  windows,  etc.  This  phenomenon  starts  if  certain 
resonant  conditions  for  electron  trajectories  are  fulfilled  and  if 
the  impacted  surface  has  a  secondary  yield  larger  than  one.  A 
general  cure  against  multipacting  is  to  avoid  the  resonant  con¬ 
ditions.  Therefore  we  investigated  the  dynamics  of  the  electron 
trajectories  in  order  to  find  rules  for  these  resonances  and  thus 
suppress  multipacting  by  appropriate  design.  We  developed  a 
new  code  which  combines  standard  trajectory  calculations  with 
advanced  searching  and  analyzing  methods  for  multipacting  res¬ 
onances.  As  a  first  step,  coaxial  power  lines  are  investigated.  We 
characterize  multipacting  behavior  in  straight  and  tapered  lines 
and  give  scaling  laws  with  respect  to  dimension,  frequency  and 
impedance.  The  calculations  are  compared  with  experimental 
observations. 

I.  INTRODUCTION 

This  paper  gives  a  brief  description  of  a  code  developed  for 
analyzing  multipacting  in  rf  cavities.  The  code  consists  of  two 
main  elements:  The  first  step  is  to  recognize  those  rf  power  lev¬ 
els  in  the  given  geometry  that  are  able  to  multipact.  The  second 
step  is  to  locate  and  identify  the  possible  multipacting  processes. 
The  core  of  the  code  consists  of  standard  trajectory  calculations. 
The  novel  feature  is  a  systematic  application  of  ideas  arising 
from  the  theory  of  dynamical  systems. 

IL  THEORETICAL  BACKGROUND 

Physically,  the  multipacting  process  is  described  as  follows. 
An  electron  is  emitted  from  the  surface  of  an  rf  cavity  and  driven 
by  the  field.  When  it  impacts  the  cavity  wall,  it  may  release  one 
or  more  electrons  from  the  surface  layer  of  the  wall,  the  number 
of  the  secondary  electrons  depending  on  the  impact  energy  and 
the  wall  material  characteristics.  These  secondary  electrons  are 
again  accelerated  by  the  field,  yielding  new  impacts  and  possibly 
new  secondary  electrons.  In  appropriate  conditions,  the  number 
of  electrons  may  increase  exponentially,  leading  to  remarkable 
power  losses,  gassing  of  the  surface  and  heating  of  the  walls. 

The  following  is  a  brief  summary  of  the  mathematical  de¬ 
scription  of  the  process,  which  constitutes  the  background  of 
the  programs  used  for  analyzing  the  multipacting  processes  in  rf 
cavities. 

A.  Dynamical  system 

Consider  a  void  cavity  Q  with  a  time  harmonic  rf  field.  De¬ 
noting  by  /  the  rf  frequency,  the  electric  and  magnetic  fields  can 
be  written  as 

E{xj  t)  =  E{x)  sin  27r/t,  B{x,  t)  =  B{x)  cos  27r ft ^ 
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where  E{x)  and  H{x)  are  the  spatial  amplitudes  of  the  fields. 
Let  (p  denote  the  phase  angle  of  the  field,  0®  <  <^  <  360^.  Con¬ 
sider  an  electron  being  emitted  at  a  point  x  of  the  cavity  wall 
5Q,  the  field  phase  at  the  time  of  emission  being  (p.  Assuming 
that  the  rf  field  map  in  the  cavity  is  known,  it  is  a  straightfor¬ 
ward  matter  to  compute  the  relativistic  trajectory  of  the  electron 
driven  by  the  field.  Denote  by  a?'  the  point  where  the  electron 
hits  the  cavity  wall  for  the  first  time.  If  the  phase  of  the  field  at 
the  time  of  the  impact  is  denoted  by  p\  we  have  a  mapping 

R:{x,(p)  {x',ip'). 

Using  the  notation  X  =:  dQ  x  [0®,360®[,  the  above  map¬ 
ping  R  defines  a  dynamical  system  in  the  phase  space  X: 
Each  point  p  =  {x,(p)  e  X  generates  a  discrete  trajectory 
{p,  R{p)j  . .  -}.  For  each  initial  point  p  £  X,  there  are 
two  possibilities:  It  may  happen  that  after  a  finitely  many  im¬ 
pacts,  the  field  phase  is  such  that  the  electric  field  prevents  the 
electron  from  escaping  the  wall.  In  this  case,  the  discrete  tra¬ 
jectory  remains  finite.  The  other  possibility  is  that  the  discrete 
trajectory  is  infinite.  The  latter  case  is  the  geometric  condition 
for  the  multipacting  to  occur. 

Besides  the  geometry  of  the  trajectories,  the  analysis  needs 
to  contain  the  secondary  electron  yield  characteristic  to  the  sur¬ 
face  properties.  Given  an  electron  trajectory  starting  at  a  point 
p,  the  kinetic  impact  energy  £'kin(p)  can  be  computed.  If  the 
secondary  electron  yield  of  the  cavity  wall  is  denoted  by  S,  the 
number  of  secondary  electrons  due  to  one  single  electron  start¬ 
ing  at  p  is  in  the  average  given  by  a{p)  =  ^(£'kin  (p))-  Consid¬ 
ering  the  full  discrete  trajectory,  the  number  of  secondary  elec¬ 
trons  due  to  one  single  electron  starting  at  p  after  n  impacts  is 

«»(p)  =  oc{p)  +  0i{p)a{R{p))  +  ■■■ 

+  a{p)a{R{p))...a{Rr{p)). 

B.  Distance  function 

A  special  case  of  the  infinite  trajectories  that  leads  to  reso¬ 
nant  multipacting  is  when  periodic  trajectories  appear.  This  cor¬ 
responds  to  fixed  points  of  the  mapping,  i.e., 

R{p)  -  p 

for  some  p  G  X,  or  more  generally, 

R^{P)-P,  n  =  l,2,... 

Physically,  this  corresponds  to  a  situation  where  an  electron  tra¬ 
jectory  hits  eventually  the  same  wall  point  in  the  same  field 
phase  where  it  started.  This  condition  is  fulfilled  in  the  earlier 
described  multipacting  phenomena,  and  it  seems  to  be  a  poten¬ 
tially  dangerous  resonant  condition  in  general.  An  effective  way 
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of  searching  for  those  points  p  in  the  phase  space  is  to  consider 
the  distance  function 


where  p  =  (x,  9?)  and  (a?n  ?  9?n)  =  Here,  7  is  a  scaling 

constant.  The  distance  fonction  tells  how  far  away  the  trajec¬ 
tory  is  after  n  impacts  from  the  initial  point.  If  (p)  is  small 
for  n  large,  the  point  p  is  likely  to  be  prone  to  multipacting. 

IIL  COMPUTATIONS 

To  obtain  reliable  results,  the  rf  field  maps  have  to  be  known 
rather  accurately  in  the  cavity.  In  straight  coaxial  lines  discussed 
below,  the  field  map  is  no  problem  since  it  is  analytically  known. 
In  the  other  cases,  one  has  to  use  a  numerical  scheme.  We  have 
developed  a  suitable  numerical  code  for  computing  the  fields 
in  axisymmetric  geometries.  The  code  is  based  on  boundary 
integral  equations,  with  extra  care  being  taken  for  the  accuracy 
of  the  computations  close  to  the  walls. 

The  multipacting  analysis  was  implemented  along  the  follow¬ 
ing  lines.  Given  a  cavity  Q  and  the  corresponding  rf  field  map, 
we  picked  a  large  number  of  initial  points  pj  in  the  phase  space 
X  associated  to  the  boundary  and  for  each  point  pj  computed 
the  discrete  trajectory  {pj,  R{pj)^  R^{pj), . . After  a  fixed 
number  n  of  iterations  of  the  map  R,  we  counted  those  electron 
trajectories  that  were  still  able  to  multipact.  This  number,  de¬ 
noted  by  Cn,  was  computed  repeatedly  for  different  incident  rf 
field  powers.  If  at  a  given  incident  power  no  multipacting  can 
occur  and  the  discrete  trajectories  {pj,  i^(pj),  R‘^{pj)j. . .}  are 
short,  the  number  Cn  is  very  small.  The  multipacting  powers 
outstand  clearly  as  having  an  elevated  Cn  value. 

Having  the  counter  function  Cn  computed,  we  plotted  the  dis¬ 
tance  function  dn{pj)  for  those  rf  power  values  where  c„  was 
large.  The  minima  of  dn  give  the  initial  points  of  those  trajec¬ 
tories  that  correspond  to  multipacting.  A  recomputation  of  the 
trajectories  starting  at  the  minima  of  dn  can  be  used  to  analyze 
the  nature  of  the  multipacting  process.  The  important  questions 
are  the  order  of  the  multipacting  (number  of  rf  cycles  per  wall 
impact),  whether  it  is  a  one-point  or  multi-point  multipacting 
and  whether  it  is  due  mostly  to  the  magnetic  or  electric  field. 

Finally,  the  kinetic  energy  condition  for  each  multipacting 
process  has  to  be  checked.  If  the  impact  energies  are  too  low  or 
too  high,  no  multipacting  will  occur  even  if  the  geometric  condi¬ 
tions  are  satisfied.  The  kinetic  energy  check  was  done  by  com¬ 
puting  the  number  defined  earlier  for  the  potentially  multi¬ 
pacting  trajectories. 

A.  Coaxial  cable:  Scaling  laws  in  operation 

The  multipacting  analyzer  was  first  applied  to  straight  coaxial 
lines  in  standing  wave  (SW)  operation.  The  computations  were 
done  in  a  half  wavelength  long  section  of  the  line. 

The  following  is  a  summary  of  the  results.  First,  the  analysis 
showed  that  multipacting  in  SW  coaxial  line  fields  is  due  to  the 
electric  field  only.  In  fact,  the  powers  that  yield  multipacting  can 
be  found  by  computing  the  trajectories  at  the  electric  field  max¬ 
imum  only.  Second,  both  one-point  multipacting  (from  outer 
conductor  to  itself)  and  two-point  multipacting  (from  outer  to 
inner  conductor  and  back)  may  occur.  We  analyzed  the  multi¬ 
pacting  in  lines  with  different  sizes,  different  rf  frequencies  and 
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Figure.  1.  Multipacting  bands  in  coaxial  lines 


different  line  impedances.  It  turned  out  that  the  multipacting 
powers  obey  quite  accurately  the  following  scaling  laws: 

-Pone— point  ^  {fd)^Z^  Ptwo-point  {fd)^Z  5 

where  /  is  the  rf  frequency,  d  is  a  size  parameter  (in  this  pa¬ 
per  d  is  the  diameter  of  the  outer  conductor)  and  Z  is  the  line 
impedance. 

We  computed  the  average  impact  energy  of  the  electrons  in 
multipacting  trajectories.  It  was  verified  numerically  that  the 
average  impact  energy  obeys  roughly  the  scaling  law 

£^kin  ~  (/d)^ 

in  accordance  to  a  simple  dimension  analysis.  Typically  the  sec¬ 
ondary  electron  yield  for  Niobium  has  a  maximum  around  400 
eV,  and  is  larger  than  one  in  the  range  ^  100  -  1500  eV. 

Figure  1  is  a  graphical  summary  of  the  analysis.  The  upper 
horizontal  axis  is  the  natural  logarithm  of  the  number  {fd)^Z 
(in  (GHzxmm)'^xOhm).  The  one-point  multipacting  powers 
for  a  given  coaxial  line  can  be  found  by  computing  this  number, 
drawing  a  vertical  line  and  reading  the  powers  where  this  line 
intersects  the  bands  marked  by  circles.  The  lowest  band  is  the 
first  order  one-point  multipacting  band.  The  next  band  upwards 
is  a  two-point  first  order  band,  then  follows  a  set  of  one-point 
bands,  the  order  increasing  up  to  8  when  one  moves  up  in  the 
figure  to  lower  powers.  The  kinetic  energy  condition  100  eV 
<  E'kin  <  1500  eV  when  multipacting  may  occur  is  marked  in 
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the  picture  by  shading.  Similarly,  the  lower  horizontal  axis  is 
the  logarithm  of  the  number  {df)'^Z‘^  (in  (GHzxmm)"^  xOhm^), 
characteristic  for  two-point  multipacting.  By  computing  this 
number  and  reading  the  intersection  with  the  band  marked  with 
asterisks  gives  the  multipacting  powers.  Note  that  there  is  only 
the  first  order  two-point  band  in  the  picture;  the  higer  order 
bands  tend  to  get  mixed  with  the  more  prominent  two-point 
bands.  Again,  shading  at  the  far  left  of  the  band  indicates  where 
the  kinetic  energy  condition  holds,  ^th  typical  design  param¬ 
eters,  the  two-point  process  has  a  too  large  kinetic  energy  for 
multipacting.  The  circles  and  asterisks  in  the  picture  correspond 
to  the  50  Ohm  1.3  GHz  TESLA  line. 

B,  Transition  to  TW  operation 

It  is  important  to  understand  the  behavior  of  the  multipacting 
levels  when  the  field  switches  from  standing  wave  to  the  trav¬ 
eling  wave,  i.e.,  the  reflected  wave  vanishes.  We  repeated  the 
computation  with  the  coaxial  line  with  no  reflected  wave,  and 
found  that  the  multipacting  levels  shift  according  to  the  simple 
rule 

PtW  =  ^PsWy 
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Figure.  2.  Multipacting  counter  function  for  the  test  cavity 


i.e.,  in  the  traveling  wave  operation  each  multipacting  level  ap¬ 
pears  at  four  times  higher  one-way  rf  power.  There  is  a  simple 
physical  heuristics  behind  this  phenomenon:  The  peak  voltage 
in  standing  wave  operation  is  twice  the  peak  voltage  of  the  trav¬ 
eling  wave.  The  analysis  of  the  trajectories  show,  however  that 
the  situation  is  a  bit  more  subtle,  since  the  multipacting  elec¬ 
trons  have  to  be  traveling  as  the  wave  form  moves. 

C.  Other  coaxial  structures 

The  analysis  algorithm  has  been  applied  so  far  to  a  set  of 
coaxial  structures.  These  include  the  tapered  coaxial  line  and 
coaxial  lines  with  an  impedance  step.  Currently,  we  are  running 
computations  with  grooved  lines  and  certain  ceramic  window 
designs.  The  results  will  be  reported  in  a  forthcoming  article. 


curve  in  Figure  3  in  [2].  Let  us  mention  that  the  computed  ki¬ 
netic  energy  for  the  second  order  process  is  typically  too  low  to 
appear  with  secondary  electron  yields  characteristic  e.g.  to  Nio¬ 
bium  surfaces. 
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D.  Test  cavity 

To  test  the  method,  we  made  computations  in  a  geometry 
where  direct  multipacting  measurements  can  be  made.  A  test 
cavity  with  a  direct  access  to  the  multipacting  current  as  well 
as  the  experiment  are  described  elsewhere  in  this  proceedings 
([2]).  The  electric  field  in  the  gap  between  the  electrodes  is  fairly 
homgenous,  and  two-point  multipacting  of  order  n  between  the 
electrodes  is  expected  at  voltage  drop  close  to 

m.eATrfd'^ 

This  is  the  field  giving  resonant  trajectories  between  two  infi¬ 
nite  parallel  plates  with  time  harmonic  voltage  drop.  Figure  2 
shows  the  counter  function  C30  versus  the  voltage  between  the 
electrodes  on  the  symmetry  axis.  The  two  prominent  bands  cor¬ 
respond  to  the  first  and  second  order  two-point  multipacting  be¬ 
tween  the  electrodes.  They  agree  well  with  the  theoretical  val¬ 
ues  (1),  marked  by  an  asterisk.  The  slight  shift  to  the  left  is  due 
to  the  positive  initial  velocity  used  in  the  trajectory  calculations, 
not  included  in  (1).  This  figure  corresponds  to  the  measured 
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AN  ACCELERATOR  RESONANTLY  COUPLED 
WITH  AN  ENERGY  STORAGE  (ARES)  FOR  THE  KERB 

Y.  Yamazaki,  K.  Akai,  N.  Akasaka,  E.  Ezura,  T.  Kageyama,  F.  Naito,  T.  Shintake,  and  Y.  Takeuchi, 
KEK,  Natinal  Laboratory  for  High  Energy  Physics,  Oho  1-1,  Tsukuba-shi,  Ibaraki-ken  305,  Japan 


In  a  large  ring  with  extremely  heavy  beam  loading,  such 
as  a  B -factory,  it  is  possible  that  the  accelerating  mode, 
itself,  gives  rise  to  a  longitudinal  coupled-bunch  instability. 
In  order  to  solve  this  problem,  T.  Shintake  has  proposed  to 
attach  a  TEO  15-mode  storage  cavity  to  an  accelerating 
cavity.  It  has  subsequently  been  shown  that  the  system  can 
be  put  into  practical  use  if  a  coupling  cavity  is  added  in 
between  the  two  cavities.  The  three- cavity  system,  which  is 
now  refered  to  as  an  accelerator  resonantly  coupled  with  an 
energy  storage  (ARES),  is  under  develpment  for  the  KEKB. 

I.  INTRODUCTION 

At  this  conference  the  development  of  the  KEKB  room- 
temperature  (normal-conducting)  RF  system  is  being 
systematically  reported  in  detail.  The  newly  invented 
accelerating  cavity  [1-3]  will  be  used  for  this  system.  This 
cavity,  refered  to  as  "an  accelerator  resonantly  coupled  with 
an  energy  storage  (ARES),"  is  actually  a  coupled-cavity 
system  comprising  three  cavities:  an  acclerating  cavity  (a- 
cavity)  and  an  energy-storage  cavity  (s-cavity)  with  a 
coupling  cavity  (c-cavity)  in  between  (see  Fig.  1).  This 
report  introduces  the  concept  of  ARES  by  presenting  the 
reason  why  it  is  necessary. 

It  has  been  empirically  confirmed  by  measuring  the  RF 
characteristics  of  ARES  cold  models  (see  Ref.  [4])  that 
ARES  behaves  as  theoretically  expected  in  this  report.  The 
total  consistent  set  of  RF  parameters  for  the  KEKB  is 
presented  in  Ref.  [5],  showing  that  ARES  can  meet  the 
requirements  for  the  KEKB. 

The  accelerating  cavity  of  the  ARES  should  be  a 
"damped  cavity,"  the  higher-order  modes  of  which  are 
sufficiently  damped  in  order  to  suppress  any  coupled-bunch 
instability.  Among  the  various  proposed  damped  cavities,  the 
choke-mode  cavity,  which  was  independently  devised  by  T. 
Shintake  [6]  and  K.  Akai  [7],  has  been  chosen  [8,  9]  for  the 
KEKB.  The  result  of  the  first  high-power  test  of  the  choke¬ 
mode  cavity  is  presented  in  Ref.  [10].  Since  the 
performances  of  the  ceramics  parts  are  critical  technical 
issues  for  this  kind  of  high-power  RF  system,  the 
performance  of  the  higher-order  mode  absorbers  made  of 
SiC  is  reported  in  Ref.  [11],  while  the  design  of  the  input 
coupler  is  described  in  Ref.  [12]. 

II.  THE  COUPLED-BUNCH  INSTABILITY  ARISING 
FROM  THE  ACCELETATING  MODE 


In  order  to  store  a  high-beam  current  in  an 
electron/positron  storage  ring,  the  threshold  current  of  any 
coupled-bunch  instability  must  be  sufficinently  high.  For  this 
purpose  it  is  essential  to  sufficiently  damp  any  dangerous 
higher-order  modes  in  the  accelerating  cavities.  This, 
however,  is  not  sufficient  for  a  large  ring  with  extremely 
heavy  beam  loading,  such  as  a  B-factory.  The  accelerating 
mode,  itself,  may  give  rise  to  a  longitudinal  (synchrotoron) 
coupled-bunch  instability  for  the  following  reason  [13]. 


O-modc  7c/2-mode  Ti-mode 

(highest  frequency)  (To  be  used  for  the  acceleration)  (lowest  frequency) 


Figure  1:  Three-cavity  system  with  a  coupling  cavity  in 
between  the  accelerating  and  storage  cavities. 


In  order  to  keep  the  quantum  lifetime  sufficiently  long, 
the  bunch  of  the  beam  is  accelerated  out  of  phase  from  the 
crest  of  a  sinusoidal  function  of  the  RF-field  oscillation  (this 
phase  difference  is  refered  to  as  a  synchronous  phase  ((|)s)). 
As  a  result,  the  beam  induces  a  reactive  component  in  an 
accelerating  cavity.  In  order  to  compensate  for  the  reactive 
component,  the  cavity  is  detuned  by  an  amount  of  Af,  given 
by  [14] 


2Af  _  Rsh  I 
f  “  Ql  Vc 


sin  (|)s, 


(1) 


where  and  Ql  are  the  shunt  impedance  and  the  loaded 
Q-value  of  the  accelerating  mode,  respectively.  The  average 
beam  current  (I)  is  accelerated  by  the  cavity  voltage  (Vc). 

Usually,  the  detuning  contributes  to  the  damping  of  the 
|i  =  0  mode  of  longitudinal  coupled-bunch  oscillations 
(Robinson  damping),  where  \i  designates  the  mode  number 
in  such  a  way  that  the  phase  difference  between  one  bunch 
and  the  following  one  is  given  by  27C|LL/Nb  (Nb  is  the  number 
of  bunches  in  a  ring).  When  the  beam  is  executing  the 
longitudinal  coupled-bunch  oscillation  of  the  p  mode,  it  has 
a  frequency  component  given  by 


f*H,n=nNbfr+(M.fr  +  fs  ), 
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where  is  the  synchrotron  oscillation  frequency.  If  the  f 
component  of  the  impedance  of  a  ring  is  higher  than  the 
f"*" component,  the  oscillation  is  damped,  and  vice  versa. 
Since  the  |x=o,n  component  of  the  impedance  is  increased 
by  the  detuning,  while  the  f^^=o^n  component  is  decreased, 
the  |i  =  0  mode  oscillation  is  damped. 

However,  if  the  beam  current  is  extremely  high,  the 
detuning  frequency  becomes  very  high,  and  if,  in  addition, 
the  circumference  of  the  ring  is  very  large,  that  is,  the 
revolution  frequency  is  low,  we  must  detune  the  cavity  by 
two  or  three  times  as  much  as  the  revolution  frequency. 
During  the  course  of  storing  the  beam  the  accelerating-mode 
frequency  passes  through  f  -  fr,  f  -  2f^  (see  Fig.  2)  and  so 
forth,  resulting  in  extremely  high  growth  rates  of  the  p  =  h  - 
1,  h  -  2  modes,  respectively. 


Frequency  Spectra  of  Beam  Current 


Figure  2:  Frequency  spectrum  of  the  cavity  impedance  and 
beam  current.  The  RF  frequency  is  designatned  by  fRp- 

III.  ARES 


Then,  we  can  just  increase  the  stored  energy;however,  it  is 
necessary  to  increase  it  by  an  order  of  magnitude.  Usually, 
the  high  power  dissipation  (Pc)  is  induced  by  increasing  the 
stored  energy,  since  the  ratio  of  the  power  dissipation  to  the 
stored  energy  is  fixed  as  the  inverse  of  a  quality  factor 
multiplied  by  an  angular  frequency  (Pc  =  coU/Qo,  where  Qo 
is  an  intrinsic  Q-value).  In  order  to  maintain  the  power 
dissipation  within  the  practically  tolerable  limit,  although  the 
use  of  a  superconducting  cavity  is  one  solution,  we  cannot 
increase  U  as  much  as  we  want,  since  U  is  related  to  an 
unadjustable  parameter  (Vc). 

It  was  proposed  by  Shintake  [1]  to  attach  an  s-cavity 
operating  in  a  very  high-Q  TE015  mode  to  an  a-cavity.  Such 
an  s-cavity  has  been  successfully  used  in  a  SLED  system.  In 
order  to  realize  his  concept,  it  is  necessary  to  attach  one 
more  cavity,  refered  to  as  a  coupling  cavity  (c-cavity),  in 
between  the  a-  and  s-cavities,  as  schematically  shown  in  Fig. 
1.  The  thus-formed  three-cavity  system  is  now  refered  to  as 
ARES. 


O-mode 

(higher  frequency)  (To  he  used  for  the  acce1erati<Mi) 

1.  Will  cause  Strong  Instability 


One  may  argue  that  the  instability  can  be  avoided  by 
giving  up  the  detuning.  Although  this  is  theoretically  correct, 
it  is  practically  unrealistic,  since  an  extremely  high  power 
must  be  provided  to  the  cavity  in  order  to  maintain  the 
necessary  cavity  voltage  against  the  high  reflected  power 
arising  from  the  large  reactive  component  induced  by  the 
beam. 

Another  way  is  to  decrease  the  detuning.  In  order  to  gain 
a  deeper  insight  into  the  detuning,  it  may  be  useful  to  rewrite 
Eq.  (1)  as 


2Af  = 


Pb  tan(|)s 
27rU  * 


(3) 


This  is  nothing  but  the  beam  loading  (P^)  divided  by  the 
stored  energy  (multiplied  by  the  tangent  of  (l)s).  It  should  be 
noted  that  (P^  either)  is  not  an  adjustable  parameter  in  a  B 
factory,  since  the  cavity  voltage  is  determined  by  sufficiently 
decreasing  the  bunch  length  in  order  to  realize  an  extremely 
high  luminosity  (the  bunch  length  should  be  shorter  than  the 
extremely  small  beta  function  (p*)  at  the  colliding  point). 


Figure  3:  Two-cavity  system  comprising  an  accelerating 
cavity  and  a  storage  cavity. 

The  c-cavity  is  necessary  for  the  following  reason. 
Suppose  that  one  immediately  attaches  the  s-cavity  to  the  a- 
cavity  as  shown  in  Fig.  3.  If  one  mode  is  used  as  an 
accelerating  mode,  the  other  mode  as  a  parasitic  mode  gives 
rise  to  a  very  strong  beam  instability.  Second,  these  modes, 
refered  to  as  the  Tt-mode  and  the  0-mode,  have  no  group 
velocity.  Since  the  a-cavity  is  heavily  beam-loaded,  while 
the  s-cavity  is  not,  the  stored-energy  distribution  is 
significantly  unstable  against  the  beam  loading.  Finally,  if 
the  resonant  frequencies  of  two  cavities  are  identical,  as  is 
usually  the  case  in  a  coupled-cavity  system,  the  stored 
energy  of  the  s-cavity  becomes  the  same  as  that  of  the  a- 
cavity.  In  order  to  increase  the  stored  energy  of  the  s-cavity 
by  an  order  of  magnitude,  one  must  significantly  deviate  the 
frequency  of  the  a-cavity  from  that  of  the  s-cavity.  Then,  the 
energy  flow  from  the  s-cavity  to  the  a-cavity  would  be 
seriously  blocked,  resulting  in  a  practically  isolated  cavity 
system,  rather  than  a  closely  coupled  system. 
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These  three  problems  can  be  solved  by  attaching  the  c- 
cavity  and  operating  the  three-cavity  sytem  in  the  7c/2  mode. 
The  energy  flow  between  the  a-cavity  and  s-cavity  is 
significantly  improved  by  the  famous  characteristic  of  the 
kH  mode  operation;  that  is,  the  system  is  stable  against  the 
beam  loading.  The  last  problem  is  also  solved  by  adjusting 
the  coupling  constant  (ka)  between  the  a-cavity  and  c-cavity 
with  respect  to  the  coupling  (k^)  between  the  s-cavity  and  c- 
cavity,  since  the  ratio  of  the  stored  energy  (Us)  of  the  s- 
cavity  to  that  (Ua)  of  the  a-cavity  is  given  by  [15,16] 

(Us/Ua)  =  (ka/ks)2.  (4) 

It  may  sound  paradoxical  that  we  can  solve  the  first  problem, 
(the  strong  beam  instability  arising  from  the  parasitic  mode) 
by  adding  one  more  cavity  (by  increasing  the  number  of 
parasitic  modes).  Fortunately,  no  field  is  excited  in  the  c- 
cavity  operating  in  the  nil  mode  while  very  high  fields  exist 
in  both  the  0-mode  and  7t-mode  (see  Fig.  1).  Therefore,  if 
one  installs  a  coupler  to  extract  power  from  the  c-cavity,  it  is 
effective  on  the  0-mode  and  Tt-mode,  while  having  no  effect 
on  the  accelerating  nil  mode.  This  was  confirmed  by  a  low- 
power  test  of  a  model  at  one-fifth  scale,  as  can  be  seen  in 
Ref.  [4]. 

Furthermore,  the  frequencies  of  the  0-mode  and  7i-mode 
are  approximately  symmetrically  distributed  with  respect  to 
the  nil  mode.  Thus,  the  antidamping  effect  of  the  mode  \i 
beam  oscillation  due  to  the  f'*'jit,n  component  of  the 
impedance  of  one  of  the  two  parasitic  modes  is 
approximately  canceled  by  the  damping  effect  of  the 
component  arising  from  the  other  parasitic  mode. 

IV.  CONCLUSIONS 

The  discussion  given  here  was  based  upon  two 
assumptions.  First,  the  system  is  made  of  perfect  conductors. 
Second,  the  storage  cavity  has  only  one  mode,  or,  practically 
speaking,  the  TE015  mode  is  well  separated  from  the  other 
modes.  Since  neither  assumption  is  correct,  we  have 
carefully  studied  these  two  effects,  using  the  coupled- 
resonator  model  calculation  for  the  first  problem  [2]  and  a 
three-dimensional  analysis  for  the  second  one  [3].  The  result 
was  quite  promising,  although  an  extensive  study  was 
necessary  in  order  to  sufficiently  separate  the  TE015  mode 
from  the  other  modes. 

As  long  as  no  serious  problem  is  found  during  the 
course  of  development,  ARES  will  be  fully  used  for  the 
KERB.  The  RF-related  parameters  of  both  the  low-energy 
ring  (LER)  and  high-energy  ring  (HER)  are  presented  in  Ref. 

[5]. 

Finally,  it  should  be  emphasized  that  ARES  will  reveal 
the  full  advantage  of  its  extremely  high  stored  energy  when 


missing-bunch  (or  partailly  filled  bunch)  operation  [17]  is 
necessary  in  order  to  suppress  any  ion-trapping  effects.  The 
thus-introduced  phase  modulation  will  be  minimized  by 
increasing  the  stored  energy. 
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Abstract 

The  project  to  accelerate  lead  ions  in  the  CERN  complex 
has  been  successfully  completed  and  physics  has  begun.  In  the 
SPS,  the  final  machine  in  the  chain,  the  ions  are  accelerated 
from  an  energy  of  5.1  GeV/nucleon  to  160  GeV/nucleon  using 
the  existing  200  MHz  travelling-wave  cavities.  The  change  in 
revolution  frequency  during  acceleration  is  much  larger  than 
can  be  accepted  by  the  untuned  cavities  when  operated  at 
constant  harmonic  number.  A  technique  has  been  developed  to 
overcome  this  limitation  which  takes  advantage  of  the  filling 
time  of  this  type  of  cavity  which  is  shorter  than  one  turn.  Fast 
amplitude  and  frequency  modulation  of  the  RF  waveform 
allows  the  cavities  to  operate  at  a  constant,  optimum 
frequency  during  the  passage  of  a  batch  of  particles  in  the 
structure.  This  frequency  is  not  a  multiple  of  the  revolution 
frequency  and  therefore  during  the  gaps  between  batches  the 
phase  of  the  composite  RF  waveform  is  changed  to  maintain 
synchronism  from  turn  to  turn  as  the  beam  accelerates.  The 
technique  and  hardware  are  described  in  detail  together  with 
the  first  operational  experience. 

1.  THE  SPS  TRAVELLING-WAVE  CAVITIES 

The  SPS  is  a  high  intensity  proton  synchrotron  with  an 
injection  energy  ranging  from  10  GeV  to  26  GeV.  The  RF 
frequency  swing  during  acceleration  up  to  400  GeV  is 
therefore  fairly  small  (4,4x10'^).  This  fact  has  been  exploited 
in  the  design  of  the  RF  cavities,  which  are  of  the  travelling 
wave  type,  like  in  an  electron  linac,  for  instance  [1]. 

Each  cavity  is  a  chain  of  coupled  resonant  cells,  which 
behaves  like  a  backward  transmission  line.  The  RF  power  is 
fed  at  the  downstream  end  and  dumped  in  a  matched  load  at 
the  upstream  end  of  the  structure.  The  major  characteristics  of 
the  SPS  RF  system  are  given  in  Tablel. 


Table  1 


RF  frequency  at 

199.5  MHz  (10  GeV) 

harmonic  number  h  =  4620 

200.4  MHz  (400  GeV) 

Cavity  centre  ffeq. 

200.22  MHz 

Operating  mode  at  (Oq 

tJI 

CeU  length  (p;\,/4) 

374  mm 

Group  velocity  Ug/c 

Cavity  length 

-  0.0946  (backward  wave) 

two  units  of  ^  = 

20.2  m  (54  cell  cavity) 

two  units  of  ^  = 

16  m  (42  cell  cavity) 

Cavity  voltage  at  500  kW 

2.35  MV  (54  cell  cavity) 

transmitted  power 

1.86  MV  (42  cell  cavity) 

One  major  advantage  of  such  cavities  is  their  inherent 
bandwidth,  determined  by  the  phase  slip  9  between  particle 
and  wave  along  the  structure.  For  a  cavity  of  length  ^ ,  6  is 
given  by: 


RF  wave 


particle 


(1) 


where  and  \>q  are  the  synchronous  frequency  and  the 
synchronous  particle  velocity  respectively. 

In  the  classical  constant  harmonic  number  acceleration, 
for  protons,  (0/x>  is  constant  and  equation  1  reduces  to  its  first 
term  only.  The  energy  gain  through  a  cavity  traversal  is 
reduced  by  the  transit  time  factor: 

T  =  sin  (0/2)  7(0/2) 

with  respect  to  the  maximum  obtained  for  the  synchronous 
condition  ( CO  =  a)o>  'O  =  '0o)- 

At  the  minimum  injection  energy  of  10  GeV,  T  is  reduced 
by  only  a  factor  0.7  which  is  perfectly  acceptable  and  shows 
one  of  the  great  advantages  of  the  travelling  wave  cavities, 
namely  no  need  for  a  programmed  or  a  servo  tuning  system. 

The  SPS  is  also  used  for  lead  ion  acceleration  [2],  with  an 
injection  energy  of  5.08  GeV/c/u  corresponding  to  T  =  -0.113 
(short  cavities)  and  T  =  0.099  (long  cavities).  The  standard 
h  =  4620  acceleration  would  not  work  in  this  case,  as  the  RF 
effective  voltage  would  disappear  as  acceleration  proceeds.  To 
avoid  building  a  new,  dedicated  RF  system  for  ion 
acceleration,  one  can  look  again  at  eq.  1  and  assume  that  the 
RF  frequency  co  is  a  free  parameter.  In  this  case  0  can  be  made 
to  vanish,  for  the  optimum  frequency 
co  =  a)o('^-'Og/'Oo)/(^“Vg/'o).  As  a)g«u, -1)0,  this  corresponds 
approximately  to  €0=  cOq- 

For  constant  h  acceleration,  the  centre  frequency  of 
classical  resonant  cavities  follows  the  particle  velocity.  In  this 
case  a  large  fraction  of  their  stored  energy  is  still  useful  for 
acceleration  after  one  machine  turn.  This  is  not  the  case  for 
the  SPS  cavities  because  of  their  travelling  wave  nature:  the 
energy  stored  in  the  resonant  cells  propagates  to  the  matching 
load  in  a  time  £/Vg  short  compared  to  the  revolution  period  of 
23  |is.  In  other  words  the  cavities  have  no  memory  after  one 
turn,  and  therefore  can  be  powered  at  their  optimum 
frequency,  provided  there  is  a  gap  in  the  RF  waveform  —  and 
in  the  beam  —  to  let  the  structure  be  emptied  (and  filled)  at 
every  turn.  In  this  way,  at  each  turn,  we  have  a  new, 
independent  acceleration  event,  optimized  to  obtain  the  best 
efficiency  of  the  structure. 

11.  HOW  TO  RESYNCHRONIZE  WITH  THE 
BEAM  AT  EVERY  TURN 


Although  it  is  not  a  new  idea  [3]  to  use  an  RF  burst 
frequency  (0~  (Oq  different  from  h  frev  (“non  integer  harmonic 
number  acceleration”),  the  problem  of  keeping  the  successive 
RF  bursts  in  perfect  synchronism  with  the  orbiting  beam  has 
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to  be  faced.  This  is  imperative  to  avoid  excessive  radial 
excursions  especially  close  to  the  transition  energy. 

The  solution  is  an  FM  modulated  wave,  with  a  rectangular 
modulation  periodic  at  the  revolution  frequency  ^rev 
(Fig.  1)  [4].  The  average  (carrier)  frequency  is  h  fpev  but  the 
frequency  during  the  useful  RF  burst  can  be  made  equal  (or 
close  to)  cOo/271  to  optimize  the  cavity  behaviour.  The  various 
revolution  frequency  clocks  (and  therefore  the  modulation 
waveform)  are  obtained  by  divide-by-h  counters  on  the  FM 
modulated  signal 


Fig.  1.  FM-modulated  RF 

A  fast  voltage-controlled  oscillator  (VCO)  is  driven  by 
two  sources  (Fig.  2):  a)  a  slowly  varying  control  voltage 
which  defines  h  fj-ey  »  and  b)  a  fast  modulation,  with  zero 
average  (AC  coupled)  synchronous  with  f^gv.  and  which  keeps 
the  RF  burst  frequency  close  to  . 

The  first  control  voltage  is  obtained  from  the  classical 
phase,  radial  or  frequency  loops  and  plays  the  same  role  as 
usual.  The  modulating  voltage  is  derived  from  a  frequency 
programme  (the  modulating  amplitude  is  proportional  to 
(Oo/27C-h  fj-gy  ).  During  the  off  time  of  the  cavities  the  VCO 
runs  far  away  from  h  fj-gy  (especially  for  short  gaps),  which 
imposes  severe  constraints  on  the  linearity  and  speed  of  the 
oscillator. 

Clearly  this  scheme  will  also  work  with  more  than  one 
batch  of  ions  around  the  circumference  provided  the  cavity 
filling  times  are  sufficiently  short. 

III.  THE  VOLTAGE-CONTROLLED 
OSCILLATOR 

The  main  characteristics  are  given  in  Table  2.  The 
oscillator  is  basically  simple  with  an  LC  tank  circuit 
consisting  of  a  low-loss  transmission  line  for  the  inductor  and 
a  high  Q  varicap,  and  two  low-loss  FETs  in  the  feedback  path. 
The  components  in  the  feedback  and  drive  circuits  are 
carefully  chosen  for  their  speed,  temperature  stability  and 
noise  properties.  The  latter  is  particularly  important  due  to  the 
high  sensitivity  of  the  oscillator.  Noise  measurements  show 
that  the  static,  non-switching,  phase  noise  level  is  similar  to 
that  used  for  high  intensity  proton  operation.  The  linearity  was 
improved  by  external  correction  to  ±2.5  kHz  to  limit  the 
correction  swing  needed  from  the  phase  loop  amplifier  (DC 
input). 


Fig.  2.  Principle  of  the  VCO  drive 
Table  2.  VCO  Characteristics 


Max.  freq.  range 

177.1  - 191.7  MHz 

DC/AC  Sensitivity 

2MHzA^ 

Non-linearity 

±2.5  kHz 

Ouput  power 

OdBm 

Temperature  Stability 

<2  kHz/°Cat25°C 

AC  switching  speed 

200  ns,  full  range 

DC  bandwidth 

>250  kHz 

Noise  at  1  kHz,  10  kHz 

-78dBc,  -lOOdBc 

IV.  THERE  SYSTEM 


Four  batches  of  ions,  2.2  \is  long,  are  injected  equispaced 
around  the  circumference,  at  1.2  s  intervals.  During  this 
process  the  mean  RF  frequency  is  locked  using  the  synthesiser 
loop  to  the  injection/capture  frequency  also  sent  as  revolution 
frequency  information  to  the  injector.  Each  batch  partially 
debunched  in  the  SPS  is  independently  adiabatically  captured 
using  fast  counterphasing  modulation  at  4fj.ev  on  two  cavity 
voltages  to  produce  the  required  capture  function.  After  the 
injection  process  the  radial  loop  is  used  to  accelerate  the  beam 
from  5.08  GeV/c/u  to  157.8  GeV/c/u. 

A  simplified  block  diagram  of  the  RF  system  is  given  in 
Fig.  3.  The  synthesiser  loop  compares  the  injection  frequency 
with  the  modulated  RF,  the  output  of  the  mixer  being  sampled 
at  4frey  to  provide  the  correction  signal  to  the  VCO.  The  main 
cavity  phase  and  amplitude  control  circuits  and  the  beam/RF 
phase  discriminator  work  at  an  intermediate  frequency,  IF,  of 
10.7  MHz.  The  VCO  works  at  fRF  -  10.7  MHz  and  input  and 
output  mixers  are  used.  The  VCO  and  the  RF  switch  which 
allows  drive  to  the  amplifiers  only  when  the  modulated 
frequency  is  suitable,  are  switched  at  4fj-gv  (173  kHz),  with  a 
mark-space  ratio  of  3.63  |xs  to  2.13  ps  using  external  trigger 
pulses  derived  by  division  of  the  modulated  RF.  The  total 
oscillator  frequency  swing  is  then  «  7  MHz  compared  to  the 
IF  of  10.7  MHz.  The  filters  in  the  output  mixer  are  quite 
critical  with  a  rejection  of  the  local  oscillator  signal  greater 
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than  20  dB,  3  MHz  from  the  passband  where  the  phase 
response  is  ±10°. 

At  constant  harmonic  number  the  number  of  bunches 
between  elements  in  the  machine  is  fixed  during  acceleration. 
This  is  not  so  with  this  scheme;  the  RF  phase  varies  with 
velocity  and  must  be  compensated  by  phase  shifters 
programmed  according  to  the  revolution  frequency.  The 
information  is  not  available  from  the  bunch  frequency,  (fixed 
frequency  acceleration).  The  long  delays,  surface  to  tunnel, 
also  require  compensation  so  that  synchronism  between  the 
RF  burst  on  the  surface  and  that  generated  from  the  cavities  or 
by  the  beam  is  obtained  at  the  measurement  points. 

The  amplitude  circuits  in  the  cavities  have  narrowband 
filters  to  eliminate  revolution  frequency  components.  This 
means  that  they  measure  mean  RF  voltage  as  opposed  to  peak 
and  must  be  corrected  according  to  the  mark-space  ratio.  The 
power  measurements  used  to  protect  amplifiers  and  cavities 
use  peak  detection  and  are  not  affected  by  this  scheme.  The 
amplifiers  themselves  required  considerable  modification  in 
the  power  supply  regulation  circuits  to  permit  this  fast 
switching  at  full  power,  500  kW/amplifier. 

V.  RESULTS  WITH  Pb  BEAM 

Fixed  frequency  acceleration  worked  well  from  the 
beginning  of  the  physics  run.  As  optimisation  of  the  various 
transverse  and  longitudinal  parameters  proceeded,  the  overall 
transmission  in  the  SPS  rose  from  50  to  75%.  Capture 
efficiencies  were  about  80%. 

The  optimum  operational  voltage  to  hold  the  ions  along 
the  injection  plateau  corresponds  to  a  bucket  height 
comparable  to  the  injected  momentum  spread.  In  principle, 
good  adiabatic  capture  requires  a  value  approximately  twice 
this.  However,  raising  the  voltage  produces  a  diffusion  loss  of 
particles  from  the  bucket  which  becomes  important  during  the 


3.6  s  holding  period.  The  phase  noise  measured  on  the  beam 
suggests  diffusion  rates  of  the  order  of  seconds  and  indeed 
injecting  white  noise  into  the  RF  to  double  the  observed  phase 
noise  produces  loss  rates  similar  to  that  with  higher  voltages. 
Diffusion  rates  increase  with  the  square  of  the  synchrotron 
frequency  for  a  flat  noise  spectrum.  Detailed  measurements 
point  to  the  high  frequency  noise,  at  multiples  of  the 
revolution  frequency,  in  the  VCO  as  the  source.  It  may 
therefore  be  possible  to  increase  the  capture  efficiency, 
already  good,  by  using  higher  voltage  if  the  noise  on  the  VCO 
can  be  reduced. 

In  conclusion,  fixed  frequency  acceleration  has  proved  a 
powerful  method  for  extending  the  capabilities  of  the  existing 
SPS  as  a  particle  accelerator. 
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Abstract 


For  the  energy  upgrade  of  the  Large  Electron  Positron 
Collider  at  CERN,  216  RF  superconducting  cavities  were 
ordered  from  three  European  industrial  firms 
(Ansaldo,Cerca, Siemens/ Accel)  at  the  beginning  of  1991. 
These  cavities  are  made  of  copper  (Cu),  internally  coated 
with  niobium  (Nb)  according  to  a  procedure  developed  at 
CERN.  Up  to  now  about  147  of  these  cavities  fulfilling  the 
specifications  have  been  produced.  The  large-scale  statistics 
available  and  the  use  of  dedicated  analytical  and  optical 
inspection  techniques  shed  new  light  on  the  relationship 
between  production  procedures,  niobium  film  properties  and 
cavity  performance.  An  overview  of  this  subject  is  presented, 
together  with  some  significant  trends  and  results. 

L  INTRODUCTION 

Niobium  sputter  coating  of  four-cell  350  MHz  cavities 
built  from  OFE  copper  sheet  material  has  been  chosen  at 
CERN  for  series  production.  This  technology  presents  some 
interesting  advantages  in  terms  of  thermal  stability,  costs  and 
future  potential  [1].  Until  now  147  “bare”  cavities  meeting 
the  technical  specification  (Q  =  3.4x10^  at  E  =  6  MV/m  at 
4.5  K)  have  been  produced  representing  65%  of  the  total 
present  contractual  number  (216).  After  a  period  of  about  one 
year  for  the  transfer  of  technology,  the  three  firms  started  to 
produce  one  cavity  per  week  according  to  the  planning. 
However,  we  were  faced  with  a  problem  of  reproducibility  of 
the  coating  process  related  to  the  very  delicate  procedures 
which  require  a  high  level  of  quality  control. 

The  cavity  performance  is  sometimes  limited  by  local 
defects  (up  to  several  mm  in  size)  of  the  Nb  layer.  Major 
defects  like  poor  bonding  (blister)  of  small  Nb  areas  (Fig.  1) 
are  usually  detected  as  “hot  spots”  in  the  temperature 
maps  [2]  of  RF  tests.  Investigations  of  such  defective  layers 
by  optical  [3]  and  surface  analytical  tools  [4,5]  have  been 
launched  in  order  to  clarify  the  nature  and  origin  of  various 
types  of  defect  and  also  of  other  minor  irregularities  that  can 
occur  in  considerable  numbers  without  being  detected  in 
temperature  maps.  After  inspection,  these  cavities  must  have 
the  defective  Nb  layer  chemically  removed  at  CERN  and  are 
then  returned  to  the  manufacturer  for  a  second  or  even  a  third 
Nb  coating. 


11.  ANALYSIS  OF  THE  CAVITY  SURFACE 

Cavities  that  are  rejected  after  the  RF  measurements  are 
systematically  investigated  by  means  of  a  video  camera  set¬ 
up  on  a  computer  controlled  optical  inspection  bench  [3]. 
Pictures  of  surface  defects  and  irregularities  (fig.l  and  2)  are 
taken  at  different  magnification  together  with  the  position 
coordinates. 


Fig.l:  Major  defect  on  the  inner  cavity  surface  (~2  cm). 


The  results  of  the  optical  inspection  and  the 
temperature  maps  provide  in  most  cases  an  explanation  for 
the  inadequate  performance.  However  further  specific  surface 
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analysis  is  necessary  for  understanding  the  nature  of  these 
defects.  In  view  of  this,  a  computer  controlled  surface 
analysis  instrument,  incorporating  Secondary  Electron 
Microscopy  (SEM)  imaging,  Auger  Electron  Spectroscopy 
(AES)  and  Scanning  Auger  Mapping  (SAM)  has  been 
designed  and  built  at  CERN  [4,5].  This  diagnostic  tool 
provides  both  topographical  information  and  elemental 
composition  of  surface  defects. 

Some  characteristic  defects  of  the  Nb  film  were 
observed  during  industrial  cavities  investigation  carried 
out  so  far.  For  example,  corresponding  to  defective  areas 
located  by  SED  imaging,  the  Nb  film  was  often  found  to 
be  very  thin  or  missing  by  AES  analysis;  the  Cu  substrate 
was  in  some  cases  highly  contaminated,  mainly  with  C, 
and  also  with  S,  Cl,  N;  in  other  cases,  particles 
containing  Fe  and  Ni  were  detected,  embedded  in  the  Cu 
substrate. 


100  jim 

Fig. 3b:  Scanning  Auger  O  map  (darker  areas  correspond 
to  lower  concentration  of  O) 


In  figure  3  an  example  of  characterization  of  a  defective 
area  is  shown.  A  Secondary  Electron  Image  of  the 
defective  area  (3a),  its  associated  O  elemental  map  (3b), 
and  related  Auger  electron  spectra  (3c)  are  presented. 
Since  the  surface  of  the  film  consists  of  Nb  oxidised 
mainly  in  the  form  Nb205  [6],  corresponding  to  an  atomic 
concentration  of  oxygen  Xq  ~  0,7,  it  can  be  concluded 
that  the  light  area  in  fig.  3b  corresponds  to  a  region  where 
the  Nb  film  is  present  and  the  dark  area  to  a  region  where 
it  is  either  very  thin  or  missing.The  black  spot  at  the 
bottom  of  the  picture  corresponds  to  the  highest 
concentration  observed  in  this  area.  This  conclusion  is 
supported  by  the  Auger  spectra  shown  in  3c, 
corresponding  to  points  A,  B  and  C  in  the  SED  image 
(3a).  In  spectrum  A  no  signal  from  the  substrate  is 
detected,  whilst  in  B  the  copper  ‘fingerprint’  is  clearly 
visible;  in  C,  copper  is  still  present  but  the  main 
contribution  to  the  spectrum  is  given  by  the  carbon  line. 


Kinetic  energy  (eV) 

Fig.3c:  Auger  spectra  taken  at  points  A,  B  and  C 

III.  RESULTS  AND  DISCUSSION 

It  seems  clear  by  now  that  we  have  to  distinguish 
between  defects  originating  from  the  production  of  the  raw 
Cu  cavities  and  accidents  happening  to  them  afterwards 
before  coating,  e.g.  during  the  chemistry/drying  cycles. 
Some  types  of  defect  are  company-specific,  others  have  a 
more  general  nature,  but  dl  of  them  can  lead  to 
noticeable  peeling  of  the  active  layer.  It  was  recently 
found  that  the  probability  of  such  defects  occuring  is 
reduced  by  applying  additional  successive  cycles  of 
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electrolytical  and  chemical  polishing  to  the  copper. 
Removing  the  copper  surface  to  an  increased  depth  (more 
than  150  |im  total)  not  only  reduces  the  risk  of  chemical 
retention  in  pits  [7]  but  also  eliminates  traces  of  the 
mechanical  polishing  done  after  the  electron-beam 
welding  assembly. 

For  cavities  without  noticeable  defects  we  have 
identified  two  process  parameters  in  the  industrial 
production  that  could  be  highly  relevant  for  the  RF 
performance: 

i)  The  vacuum  quality  before  the  Nb  coating 

ii)  The  temperature  chosen  for  baking  and 

sputtering. 

These  parameters  are  interconnected  since  the  bake- 
out  protocol  also  determines  the  vacuum  quality.  Various 
possible  incidents  in  the  delicate  manufacturing  process 
preceding  the  coating  can  change  the  residual  gas 

composition  as  indicated  by  mass  spectrometry  and  the 
attainable  pressure  limit  in  the  cavity  (usually  <  10" 

^  Torr).  Consequences  range  from  a  decreased  Q  value  at 
low  field  by  the  getter  pumping  effect  of  light  gases 
during  Nb  deposit  [1]  to  an  insufficient  Nb  adhesion  in 
presence  of  organic  residues.  The  choice  of  the  cavity 
temperatures  for  baking  and  sputtering  determines  not 
only  the  diffusion  and  outgassing  rates  but  also  the 
growth  properties  of  the  Nb  layer  and  structural  aspects  of 
the  copper  substrate  and  their  influence  on  its  mechanical 
properties.  In  view  of  these  partly  conflicting  aspects  the 
best  compromise  appears  to  be  the  following:  baking  the 
cavities  at  150°C  for  24  h  and  coating  them  at  cell 
temperatures  strictly  limited  to  <  200°C  (temperature 
maxima  usually  180°C  ±  10°C).  Respecting  all  the 
criteria  mentioned  above  has  resulted,  at  all  three 
companies,  in  cavity  performances  well  above  the  speci¬ 
fication  requirements  (Fig.4)  and  considerably  increased 
acceptance  rates  of  cavities  with  only  one  Nb  coating 
(Fig.5), 


Fig.4:  Recently  obtained  cavity  performance  for  different 
manufacturers. 


First  Coating  Success  Rates 


92  93  94  95 


Fig.5:  Total  first  coating  success  rates  in  industry 

IV.  CONCLUSION 

Superconducting  Nb/Cu  cavity  production  technology 
has  been  improved  in  the  course  of  the  large-scale  series 
manufacturing  of  350  MHz  cavities.  Statistical  survey  of 
the  correlation  between  key  process  parameters  and 
performance  tests  as  well  as  the  use  of  dedicated  analysis 
tools  have  helped  to  improve  our  understanding  of  the 
fabrication  process  and  to  modify  it  effectively.  Q-factors 
are  now  consistenly  better  than  specifications  (by  25%  on 
average)  but  the  random  occurrence  of  surface  defects 
still  limits  the  coating  success  rate.  A  rigorous  quality 
control  is  mandatory. 
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Abstract 

The  full  complement  of  169  pairs  of  niobium  supercon- 
ducting  cavities  has  been  installed  in  the  CEBAF  accelerator. 
This  paper  surveys  the  performance  characteristics  of  these 
cavities  in  vertical  tests,  commissioning  in  the  tunnel,  and  op¬ 
erational  experience  to  date.  Although  installed  performance 
exceeds  specifications,  and  3.2  GeV  beam  has  been  delivered 
on  target,  present  systems  do  not  consistently  preserve  the 
high  performance  obtained  in  vertical  dewar  tests  as  opera¬ 
tional  capability.  The  principal  sources  of  these  limitations  are 
discussed. 

L  INTRODUCTION 

The  CEBAF  recirculating  linac  uses  338  superconducting 
rf  cavities  to  accelerate  the  beam.  With  four  passes  through  the 
linacs,  3.2  GeV  beam  has  been  delivered  onto  a  target.  Oper¬ 
ation  to  date  has  been  limited  to  low  current,  pulsed  beam.  As 
commissioning  continues,  the  delivery  of 200  |iA  CW  beam  at 
>  4  GeV  is  anticipated.  Installed  capacity  may  support  opera¬ 
tion  above  5  GeV. 

This  paper  reviews  the  characteristics  and  performance  of 
the  CEBAF  SRF  cavities.  The  cavities  are  but  a  part  of  the  inte¬ 
grated  system  which  delivers  beam  for  nuclear  physics  re¬ 
search.  At  the  start  of  the  construction  project  these  cavities 
together  with  the  attendant  2  K  liquid  helium  system  were  con¬ 
sidered  to  present  considerable  technical  risk.  High-quality  per¬ 
formance  by  our  vendor  [1]  and  careful  attention  to  QA 
procedures,  though,  have  resulted  in  the  cavities  performing  re- 
hably  well  above  their  design  specifications  of  E’acc  =  5  MV/m 
in  qualifying  tests. 

Performance  summaries  have  been  presented  previously 
for  subsets  of  the  cavities.  [2-6]  Process  details  described  there 
will  not  be  repeated  here. 

n.  CAVITY  PERFORMANCE  AND  LIMITATIONS 

A.  Cavity  Performance  Parameters 

CEBAF  was  able  to  exploit  a  tested  SRF  cavity  design  de¬ 
veloped  at  Cornell  University  for  storage  ring  applications.  [7] 
With  only  minor  modifications,  the  cavity  design  was  directly 
applicable  to  CEBAF.  The  nominal  values  of  various  parame¬ 
ters  of  the  cavity  are  collected  in  Table  1 .  The  principal  figures 
of  merit,  of  course,  are  the  accelerating  gradient  and  the  un¬ 
loaded  quality  factor 

The  CEBAF  five-cell  cavities  were  assembled  and  tested 
as  pair  units  prior  to  assembly  of  four  pairs  into  the  horizontal 
cryomodules.  In  this  cryomodule  configuration,  the  cavities 
were  commissioned  for  operation  in  the  accelerator  tunnel.  Sys¬ 
tematic  performance  tests  in  this  configuration  are  difficult, 
principally  because  must  be  measured  calorimetricaUy. 

SRF  cavity  performance  is  the  combination  of: 

(1)  physical  design  factors — these  determine  the  beam- 
cavity  interaction  characteristics. 


Table  1:  CEBAF  SRF  Cavity  Design  Parameters 


fundamental  frequency 

1497.0  MHz 

accelerating  gradient, 

>  5  MV/m 

active  length 

0.5  m 

cell-to-cell  coupling 

(3.09  +  .02)% 

geometry  factor 

275  a 

m 

960  Q/m 

^pk^^acc 

2.56 

2ext  iiiput  coupler 

6.6x10®  ±20% 

tuner  phase  error  budget 

10° 

microphonic  phase  error  budget 

30° 

Lorentz  force  frequency  sensitivity 

-2.2Hz/(£acc[MV/m])2 

pressure  frequency  sensitivity 

80-137  Hz/toir 

niobium  RRR 

>250 

HOM  (2|  -  1976  MHz  mode 

4000 

HOM  Gi  -  1980  MHz  mode 

1800 

beampipe  ID 

70.4  mm 

AtE'acc  =  5  MV/m: 

Go 

>2.4x  10^ 

2  K  dynamic  heat  load 

<2W 

x-plane  effective  dipole  steering 

7.5  X  10-3  MeV/c 

y-plane  effective  dipole  steering 

-1.7  X  10-3  MeV/c 

effective  normal  quadrupole 

1.2  X  10-3  MeV/c/cm 

effective  skew  quadrupole 

-1  X  10-3  MeV/c/cm 

(2)  material  and  surface  dependent  factors — ^these  determine 
the  maximum  sustainable  stored  energy  and  the  2  K  heat  load, 

(3)  extrinsic  operability  factors — ^these  include  availabil¬ 
ity  of  rf  drive,  total  2  K  cooling  capacity,  and  reliability  con¬ 
cerns  such  as  frequency  of  interruptions  to  operations  due  to 
interlock  trips. 

The  design  factors  have  been  well  characterized  else¬ 
where,  [4,7,8]  and  the  principal  parameters  are  included  in 
Table  1 .  The  particular  limitations  of  each  cavity  were  estab¬ 
lished  during  the  vertical  cryostat  tests,  and  the  integrated  sys¬ 
tem  limitations  have  been  determined  from  cryomodule 
commissioning  and  accumulating  operating  experience. 

B.  Performance  Limitations 

Using  the  hermetic  cavity  pair  configuration  and  coax-to- 
waveguide  variable  couplers, [9]  CEBAF  characterized  the 
cavity-specific  factors  of  all  cavities  in  a  vertical  dewar  testing 
arrangement.  This  test  also  provided  a  thorough  leak-check  of 
the  assemblage.  The  ceramic  rf  windows  are  attached  to  the 
cavity  prior  to  this  test,  and  are  thus  part  of  the  tested  system, 
as  are  the  higher-order-mode  loads  and  beamline  gate  valves. 


*Supported  by  DOE  contract  DE-AC05-84ER40150. 
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Figure  1  illustrates  the  typical  performance  limitations 
encountered  during  vertical  cavity  pair  testing.  Either  a 
thermal-magnetic  quench  provides  a  hard  limit  on  the  stored 
energy,  or  electron  loading  degrades  the  cavity  Q  intolerably. 


^  acc 

Figure  1.  Typical  quench  and  field  emission  loading  seen 
in  vertic^  tests. 


Toward  using  the  cryogenic  capacity  most  efficiently  and 
minimizing  steady-state  x-radiation  fields,  the  usable  gradi¬ 
ents  have  been  constrained  to  fields  which  induce  less  than 
1  Watt  of  electron  loading  and,  for  commissioning  tests,  less 
than  1  rad/hr  of  generated  x-rays  external  to  the  cryomodule. 
When  cavity  quench  was  encountered  within  ^ese  con¬ 
straints,  the  usable  gradient  was  derated  10%  from  the  quench 
field. 

Figure  2  presents  the  distribution  of  usable  gradients  and 
corresponding  of  the  CEB  AF  cavities  as  determined  by  the 
verticd  pair  testing.  While  some  cavities  performed  well 
above  15  MV/m,  there  is  a  wide  spread  in  fields  attained  even 
in  these  isolated  tests. 


(MV/m) 


Figure  2.  Distribution  of  usable  SRF  cavity  gradients 
during  vertical  pair  tests. 

The  distribution  of  peak  fields  reached  in  cavities  which 
exhibited  quenching  is  presented  in  Figure  3.  In  many  cases 
heavy  electron  loading  attended  the  quench.  Again,  there  is  a 
wide  spread  in  the  quench  field,  suggesting  that  significant 
improvements  will  be  needed  in  the  thermal  stabilization  of 
such  cavities  before  one  may  reliably  attain  fields  greater  than 
about  12  MV/m. 

The  distribution  of  usable  cavity  capability  observed  dur¬ 
ing  the  commissioning  tests  is  presented  in  Figure  4. 


Figure  3.  Distribution  of  quench  fields  in  vertical  tests. 


Figure  4.  Distribution  of  usable  SRF  cavity  gradients 
at  commissioning. 

C.  Cold  Ceramic  Rf  Windows  and  Arcing 

The  CEB  AF  ceramic  rf  window  is  mounted  directly  to  the 
cavity  waveguide  fundamental  power  coupler.  The  alumina 
ceramic  is  located  100  mm  off  of  the  beamline.  In  this  loca¬ 
tion,  the  window  is  subjected  to  the  expected  rf  power,  but 
also  may  be  subject  to  charging  via  electron  and  x-ray  flux. 

Some  of  the  electron  loading  observed  in  cavity  tests  has 
been  attributed  to  cooperative  and  perhaps  complex  interac¬ 
tions  between  the  cavity  and  windows. 

On  at  least  two  occasions,  particular  cavities,  with  pre¬ 
sumably  specific  field  emission  characteristics,  repeatedly  in¬ 
duced  damage  on  windows  mounted  onto  them,  suggesting 
that  secondary  or  photo  electron  flux  on  the  window  induced 
unsupportable  charging.  In  other  cases,  it  appeared  that  partic¬ 
ular  windows  induce  or  significantly  enhance  electron  loading 
in  the  cavities. 

During  sustained  operation,  quite  a  few  cavities  exhibit 
“arcing”  in  the  region  of  the  cold  window  at  a  rate  which  is 
otherwise  unacceptable  for  operations — as  high  as  45  times 
per  day.  The  additional  constraint  of  <  2  arcs/day  has  thus 
been  added  to  the  criteria  for  usable  maximum  gradient  for 
each  cavity.  This  operational  derating  of  maximum  gradients 
has  been  necessary  for  13%  of  the  cavities. 

Arcing  in  cavities  appears  to  be  correlated  with  the  pres¬ 
ence  of  nearby  field  emission — either  in  the  arcing  cavity  or 
its  neighbor.  When  arcing  does  occur,  its  frequency  is  strong¬ 
ly  dependent  on  cavity  gradient.  Note  that  other  cavities  func¬ 
tion  stably,  without  arcing,  above  9  MV/m.  Several  studies 
are  exploring  different  aspects  of  this  arcing  phenomenon,  in¬ 
cluding  its  dependence  on  the  physical  position  of  the  win¬ 
dow  and  spectral  analysis  of  the  light  generated.  [10,11] 
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III.  CURRENT  OPERATING  CONDITIONS 


During  the  installation  and  commissioning  of  individual 
cryomodules,  cavity  gradient  and  Q  performance  were  tested, 
and  stable  operating  bounds  were  established  for  short  peri¬ 
ods  of  time.  The  limiting  constraint  was  noted  for  each  cavity. 
To  these  limits  the  operational  derating  due  to  arcing  has  been 
added.  The  present  distribution  of  types  of  cavity  gradient  lim¬ 
itations  is  provided  in  Figure  6.  Clearly,  the  arcing  and  elec¬ 
tron  loading  limitations,  which  as  mentioned  above  we  believe 
to  be  coupled,  represent  the  most  significant  gradient  perfor¬ 
mance  constraints  for  CEB  AF. 


Figure  6.  Distribution  by  type  of  cavity  performance 

limitation — commissioning  and  operating  experience 

The  installed  cryomodules  and  rf  drive  systems  are  cur¬ 
rently  set  up  to  support  delivery  of  15  ]XA,  4  GeV  beam  on 
Hall  C  targets.  To  reduce  the  consumption  of  ac  line  power 
during  low  current  commissioning,  the  klystron  supplies  have 
been  set  to  a  lower  tap  setting.  This  has  limited  the  available 
rf  power  per  klystron  to  about  1.7  kW,  down  from  their  full 
5  kW  capability.  This  change  has  also  had  the  benefit  of  ex¬ 
tending  the  MTBF  of  the  klystrons. 

The  present  view  of  CEB  AF  SRF  cavity  operating  perfor¬ 
mance  is  depicted  in  Figure  7  on  a  per-cryomodule  basis.  Five 
cavities  are  turned  off,  three  with  locked  tuners,  one  with  a 
broken  interlock  sensor,  and  one  with  a  defective  rf  pickup 
probe.  The  operational  derating  of  cavities  has  reduced  the  net 
usable  voltage  by  5%  relative  to  commissioning  test  data. 

In  the  fall  of  1995,  we  anticipate  raising  the  tap  settings  to 
accommodate  higher  current  operation.  Under  those  condi¬ 
tions  we  expect  significantly  higher  performance  from  the 
SRF  cavities — supporting  up  to  200  [lA  beam  at  energies 
greater  than  5  GeV.  At  that  time  we  plan  to  examine  the  arcing 
behavior  of  cavities  that  otherwise  function  well  at  high  gradi¬ 
ents.  The  CEBAF  acceleration  system  now  appears  capable  of 
supporting  operation  at  least  25%  above  initial  design  require¬ 
ments.  We  envision  opportunities  for  further  improvements 
toward  yet  higher  energies. 
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Figure  7.  Capability  of  installed  CEBAF  cryomodules. 
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Abstract 

The  prototype  superconducting  cavity  system  for  CESR- 
Phase  III  was  tested  in  CESR  in  August  1994.  The 
performance  of  the  system  was  very  gratifying.  The  cavity 
operated  gradients  of  4,5-6  MV/m  and  accelerated  beam 
currents  up  to  220  mA.  This  current  is  a  factor  of  3  above  the 
world  record  67  mA  for  SRF[1].  The  high  circulating  beam 
current  did  not  increase  the  heat  load  or  present  any  danger  to 
the  cavity.  No  instability  attributable  to  the  SRF  cavity  was 
encountered.  A  maximum  of  155  kW  of  rf  power  was 
transferred  to  a  120  mA  beam.  The  window  was  subjected  to 
125  kW  reflected  power  and  processed  easily.  In  the  travelling 
wave  mode,  vacuum  bursts  and  arc  trips  prevented  us  from 
going  above  165  kW.  The  maximum  HOM  power  extracted 
was  2  kW.  Beam  stability  studies  were  conducted  for  a  variety 
of  bunch  configurations.  In  other  tests  a  120  mA  beam  was 
bumped  horizontally  and  vertically  by  ±10  mm.  While 
supporting  a  100  mA  beam,  the  cavity  was  axially  deformed 
with  the  tuner  by  0.4  mm  to  sweep  the  HOM  frequencies 
across  dangerous  revolution  harmonics.  In  all  such  tests,  no 
resonant  excitation  of  HOMs  or  beam  instabilities  were 
observed,  which  confirms  that  the  potentially  dangerous  modes 
were  damped  strongly  enough  to  be  rendered  harmless. 

INTRODUCTION 

The  rationale  for  using  superconducting  cavities  in  high 
current  storage  rings  is  discussed  in  [2],  To  increase  the 
luminosity  of  CESR  with  currents  of  the  order  of  1  amp,  a 
superconducting  cavity  is  the  ideal  way  to  lower  cavity 
impedances  that  cause  multibunch  instabilities.  The 
impedance  for  CESR-III  will  be  reduced  by  using  a  small 
number  of  high  gradient  (6  MV/m)  superconducting  cavities 
which  have  a  low  impedance  cell  shape. 

Before  the  beam  test,  the  niobium  cavity  was  tested  in  the 
vertical  cryostat  to  3  MV  (gradient  =  10  MV/m)  [3],  the 
window  was  tested  off-line  to  250  kwatt  travelling  wave  and 
125  kwatt  standing  wave[4],  the  ferrite  lined  beam  pipe  HOM 
loads  were  tested  to  withstand  a  power  density  of  20 
watt/cm^[5]. 

Fig.  1  shows  the  cavity,  cryostat,  input  coupler,  planar 
window,  ferrite  beam  pipe  HOM  couplers,  tuner,  gate 
valves, sliding  joints,  tapers  to  the  CESR  beam  pipe,  vacuum 
pumps,  refrigerator  interface  box  (cold  box),  and  other 
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components  needed  for  the  CESR  beam  test.  The  cavity  was 
first  tested  in  the  processing  area  with  high  power  without 
beam.  Once  it  operated  CW  at  6  MV/m  it  was  installed  in  the 
CESR  beam  line,  in  the  high  bay  area,  west  of  the  CLEO 
detector.  The  refrigeration  system  consisted  of  two  units, 
nominally  rated  at  100  watt,  feeding  into  a  1000  litre  dewar. 
The  cold  gas  from  the  cryostat  was  returned  to  the  refrigerator. 
On  one  side,  CESR  dipole  magnets  were  located  <  1  m  away 
from  the  SRF  cavity;  but  on  the  detector  side,  the  closest 
magnet  was  >  15  m  away.  Therefore  most  of  the  high  current 
tests  were  carried  out  with  a  positron  beam,  so  as  not  to 
irradiate  the  cavity  region  with  too  high  a  synchrotron 
radiation  (SR)  dose  from  the  nearby  magnet.  Near  the  end  of 
the  test,  however,  a  57  mA  electron  beam  was  also  run 
through  the  cavity,  to  evaluate  how  the  cavity  would  perform 
in  the  presence  of  a  severe  SR  dose.  Most  of  the  beam  tests 
were  conducted  at  5.3  GeV,  for  which  the  total  voltage  required 
was  7-7,5  MV.  Through  most  of  the  tests,  the  CESR  NRF 
system  of  four  5-cell  copper  cavities  provided  6  MV  (gradient 
=  1  MV/m)  and  the  SRF  cavity  provided  about  1.5  MV. 

HIGH  CURRENT  OPERATION 

The  maximum  current  for  the  test  was  220  mA  (in  27 
bunches)  which  is  1  mA  less  than  the  maximum  total  current 
ever  run  in  CESR  up  to  the  time  of  the  SRF  beam  test.  The 
current  limit  was  set  not  by  the  performance  of  the  cavity  but 
by  the  heating  (80-100C)  of  CESR  components,  in  particular 
the  sliding  joint  of  the  CLEO  beam  pipe.  Immediately 
following  the  multibunch  220  mA  run,  we  stored  a  maximum 
of  44  mA  in  a  single  bunch.  Again,  the  heating  of  CESR 
components  was  the  limit.  Note  that  the  quantity:  (number  of 
bunches)  x  (single  bunch  current)^  was  nearly  the  same 
(actually  8%  higher)  as  the  220  mA,  27  bunch  run. 

The  cavity  was  kept  in  CESR  for  7  days,  during  which 
beam  was  run  through  the  cavity  for  a  total  period  of 
approximately  65  hours.  For  most  of  this  time  the  operating 
conditions  were  at  a  beam  energy  of  5.3  GeV  and  a  beam 
current  of  100  mA. 

Fig.  2  shows  the  response  of  the  total  cryogenic  losses  to 
the  injection  of  high  beam  current.  Starting  at  5:30  am,  as  the 
beam  was  increased  from  0  to  220  mA,  there  was  no 
observable  increase  in  total  cryogenic  loss  (80  watt).  Note 
however,  the  increase  in  heat  load,  from  50  to  80  watt,  when 
the  rf  was  turned  on  (before  the  beam)  at  5:24  to  establish  a 
gradient  of  4,7  MV/m  (1.4  MV  for  the  cell)  The  ambient 
losses  due  to  the  static  cryostat  heat  leak  (25  watt)  and  the 
transfer  lines  was  (25  watt)  were  measured  independently  to 
give  a  total  of  50  watt. 
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Fig.  1:  Layout  of  all  components  the  CESR  high  current  beam  test  of  the  superconducting  cavity. 


Higher  Gradient  Operation 

Fig.  3  shows  the  Qq  vs.  Eacc  of  the  cavity  as  measured  on¬ 
line,  but  without  beam.  We  used  a  cold  gas  flow  meter  to 
continuously  monitor  the  He  mass  flow,  and  cross  calibrated 
the  flow  meter  with  a  bath  heater. 

At  5.0  MV/m  (Qo  =  10^)  the  cavity  was  run  stably  for  1/2 
hour  at  100  -  1 10  mA  beam  current.  Between  5  and  6  MV/m 
the  total  heat  load  increased  because  of  field  emission  to  150 
watt  at  6  MV/m,  the  highest  load  that  the  refrigeration  system 
could  handle.  Our  ability  to  process  away  field  emission  to 
reach  gradients  higher  than  6  MV/m  was  limited  by  the 
performance  of  the  high  power  window  (as  discussed  below). 


Due  to  higher  heat  loads  above  5  MV/m,  it  was  only 
possible  to  run  the  cavity  for  short  periods  as  the  cryostat 
pressure  would  rise  steadily,  requiring  the  tuner  to  keep 
moving  to  maintain  the  cavity  at  the  right  frequency. 
Eventually  the  tuner  ran  into  its  safety  stop.  Nevertheless  we 
ran  the  cavity  for  short  periods  (few  minutes)  with  beam 
currents  between  95  and  120  mA  and  cavity  gradient  up  to  6 
MV/m. 

Delivering  Beam  Power 

As  shown  in  Fig.  4,  the  maximum  power  delivered  to  the 
beam  was  155  kW,  a  factor  of  2  above  the  world  record  of  the 
SRF  cavity  tested  in  TAR  at  2  MV/m[l].  For  the 
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Fig.  2:  Total  cryogenic  loss  and  beam  current  as  a  function  of 
time.  The  cavity  gradient  for  the  record  beam  current  run  was 
4.7  MV/m. 


CESR/SRF  high  beam  power  test,  the  relative  phasing 
between  the  NRF  and  SRF  was  adjusted  so  that  the  bunches 
went  through  the  SRF  cavity  at  the  peak  of  the  RF  voltage. 
The  NRF  cavities  were  run  at  the  synchronous  phase,  provided 
beam  stability  and  extracted  the  excess  power  delivered  to  the 
beam. 

With  no  beam,  and  with  the  SRF  cavity  off  resonance,  the 
window  processed  in  less  than  one  hour  to  125  kW  full 
reflected  power.  With  beam  and  the  cavity  on  resonance, 
processing  took  much  longer  (30  hours)  and  42  trip  events. 
Most  of  the  trips  were  triggered  by  a  vaccum  degradation  in  the 
window  region.  Six  trips  were  accompanied  by  light 
emission.  (Note  that  between  the  high  power,  off  line  window 
test  and  the  beam  test,  the  window  was  let  up  to  clean  air  for 
several  days  duimg  assembly.) 

Other  tests 

The  performance  of  the  HOM  loads,  the  interaction  of 
ferrite  HOM  loads  with  the  beam,  and  beam  stability  studies 
are  discussed  in  other  papers  at  this  conference[5,6].  Briefly, 
we  confirmed  that  the  loads  will  tolerate  the  power  expected  for 
a  one  amp  in  CESR-III  and  that  there  would  be  no  instabilities 
due  to  the  narrow  band  and  broad  band  impedances  of  the  SRF 
cavity  system  with  ferrite  HOM  loads. 

After  chosing  a  new  optics  at  4.3  GeV,  the  SRF  cavity 
was  operated  without  NRF.  The  maximum  beam  current  stored 
was  29  mA  in  9  bunches,  limited  by  injection  into  the 
uncoventional  optics.  There  was  no  evidence  of  instability  and 
all  regulation  systems  (tuner,  rf  amplitude,  phase,  bath 
pressure  etc.)  worked  well.  A  maximum  57  mA,  9  bunch 
electron  beam  was  stored  at  5.3  GeV.  100  watt  of  synchrotron 


radiation  power  incident  on  the  stainless  steel  taper  increased 
the  temperature  to  100  C  and  degraded  the  vacuum  in  this 
region  from  6x10"^  to  6  xlO”^  torr.  The  cavity  operated 
stably  in  the  presence  of  this  large  SR  dose  and  there  was  no 
increase  in  cryogenic  losses. 

■  Qo  Static  heat  leak  (cryostat  +  transfer  lines)  =  50  watt 
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Fig.  3:  Qo  vs.  Eacc  meausred  on  line  without  beam 
180 


160 


140 


120 

100 

80 

Fig.  4:  Power  delivered  to  the  beam  vs  beam  current.  The 
operating  gradient  during  these  tests  was  4.7  MV/m 

Conclusions  and  future 

The  SRF  cavity  stored  the  limit  of  current  that  CESR 
could  deliver.  For  most  of  the  test  the  cavity  was  run  near  5 
MV/m.  A  100  mA  beam  was  stored  for  a  short  time  at  6 
MV/m  gradient.  The  input  coupler  and  window  delivered  155 
kW  to  a  100  mA  beam.  A  new  window  was  received  from 
Thomson  and  tested  to  300  kW  CW  and  400  KW  at  33-50% 
duty  cycle[7].  A  new  cavity  and  a  new  compact  cryostat  are  on 
order  in  preparation  for  a  long  term  test  in  CESR  in  1996. 
Four  cavities  will  be  installed  in  1998-1999  for  CESR-III. 
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Abstract 

Our  recent  research  into  multi-stage  X-Band  TWT  amplifiers 
producing  output  powers  of  100  ~  200  MW  has  shown  that  it  is 
essential  to  minimize  the  reflections  in  each  stage  of  the  ampli¬ 
fier  in  order  to  avoid  sideband  development.  These  reflections 
also  cause  fluctuations  in  the  RF  output  power  envelope.  One 
solution  to  this  problem  is  to  isolate  the  two  stages  of  the  am¬ 
plifier.  Following  extensive  PIC  code  simulations  and  analyti¬ 
cal  work  we  have  designed  the  first  amplifier  stage  to  provide 
beam  modulation  over  a  range  200M H z)  of  input  frequen¬ 
cies.  The  second  stage  is  a  quasi-periodic  structure  designed  to 
minimize  reflections,  and  allow  the  radial  or  longitudinal  RF 
power  extraction  to  be  distributed  over  an  extended  region.  A 
second  approach  uses  tapers  that  adiabatically  reduce  the  load¬ 
ing  in  the  output  sections  of  the  amplifier  to  provide  a  smooth, 
broad-band  transition  from  the  slow- wave  structure  to  cylindri¬ 
cal  waveguide.  We  are  also  developing  mode  converters  that  will 
allow  extraction  in  TEM  and  subsequently  in  a  TE  mode  of 
rectangular  waveguide. 


1.  INTRODUCTION 

Recent  experiments,  seeking  to  optimize  the  RF  input  sec¬ 
tions  of  high  power  TWT  amplifiers,  have  shown  significant  re¬ 
ductions  in  efficiency  due  to  beam  loading  and  reflections  at 
impedance  mismatches.  As  a  result  of  these  observations  we  are 
developing  an  two-stage  amplifier  in  which  the  first  stage  is  in¬ 
dependently  tuneable  under  vacuum  conditions.  The  input  sec¬ 
tion  consists  of  two  waveguide  feeds  separated  by  a  short  sec¬ 
tion  of  slow  wave  structure.  RF  power  is  fed  into  one  arm,  beam 
modulation  is  produced  in  the  structure  and  the  reflections  min¬ 
imized  by  coupling  RF  from  the  system  via  the  output  arm.  The 
degree  of  beam  modulation  can  be  increased  by  passing  the  beam 
through  additional,  passive  structures,  separated  from  the  input 
stage  by  a  drift  region  which  is  beyond  cutoff.  Once  tuned,  the 
input  structure  bandwidth  is  sufficient  to  accommodate  beam  de¬ 
tuning,  and  any  reflections  at  adjacent  frequencies  are  not  signif¬ 
icant  to  the  interaction. 

A  second  method  of  reducing  reflections  in  TWT  amplifiers 
uses  coupled  cells  that  are  tapered  to  provide  a  broad-band  tran¬ 
sition  from  the  slow  wave  structure  to  a  cylindrical  waveguide. 
MAGIC  simulations  show  that  such  transitions,  if  properly  de¬ 
signed,  can  provide  efficient  power  coupling  in  a  coaxid  extrac¬ 
tion  geometry. 


*  Work  supported  by  US  Dept,  of  Energy 

0-7803>3053-6/96/$5.00  ©1996  IEEE 


Figure.  1.  Tuneable  first  stage  of  TWT  amplifier. 


IL  TWT  AMPLIFIER  INPUT  STRUCTURE 
DESIGN 

The  input  structure  has  been  designed,  using  an  analytical 
code  written  at  our  laboratory,  to  maximize  the  input  bandwidth 
while  maintaining  a  useful  gain  to  produce  the  desired  beam 
modulation.  This  should  significantly  reduce  problems  due  to 
electromagnetic  feedback  at  frequencies  close  to  the  design  fre¬ 
quency.  The  structure  has  a  phase  advance  per  cell  of  7r/2  at  an 
operating  frequency  of  ^GHz  for  an  SbOkV  beam.  With  these 
parameters  each  cell  has  a  period,  L  —  1.1  mm  a  coupling  iris 
length,  d  =  1.0mm  an  outer  radius,  Rext  =  15.3mm  and  an  in¬ 
ner  radius  Rint  =  9.0mm.  Note  that  the  output  tube  connected 
to  the  structure  also  has  Rint  =  9.0mm  which  has  a  cutoff  fre¬ 
quency  of  12. 2:  for  the  TMoi  mode.  The  calculated  gain  is 
^.MBjcm  or  approximately  2dB  per  cell,  with  a  transmission 
bandwidth  of  ~  2WMHz.  This  is  in  contrast  to  our  previous  in¬ 
put  stages,  where  the  transmission  characteristics  were  limited, 
by  reflections,  to  a  series  of  narrow  transmission  peaks,  typically 
separated  by  tens  of  MHz,  that  allowed  the  development  of  un¬ 
wanted  sidebands.  A  schematic  of  the  vacuum  tuneable  structure 
is  shown  in  fig.l 

The  input  structure  operation  has  been  simulated  using  the 
MAGIC  code  and  while  the  full  3-D  nature  of  the  problem  can 
not  be  modeled  some  characteristics  can  be  determined.  Based 
on  output  from  the  analytical  code  many  configurations  were 
simulated,  until  the  setup  shown  in  fig.  1  was  found  to  show 
the  most  promise.  The  modulation  produced  on  an  850 fcV,  500A 
beam  was  examined  for  a  range  of  input  frequencies.  This  short 
structure  is  capable  of  producing  a  7%  modulation  on  the  beam 
for  lOQkW  input  power.  We  are  currently  running  simulations 
on  longer  structures  with  the  aim  of  increasing  this.  The  trans¬ 
mission  is  essentially  100%  at  9.0SGHz,  and  for  an  input  power 
of  lOOkW  the  Ez  field  on  axis  is  ^  1.15MV/m.  In  numerous 
simulations  the  transmission  efficiency  remains  good  on  both 
sides  of  this  frequency  but  the  net  power  injected  drops,  giving 
a  SdB  transmission  bandwidth  of  200M Hz. 
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Figure.  2.  Microwave  waveforms 


III.  INPUT  STRUCTURE  RESULTS 

The  cold  passband  and  tuning  characteristics  have  been  mea¬ 
sured  using  a  network  analyzer  for  a  number  of  cell  configura¬ 
tions.  The  best  tuning  characteristic,  with  the  maximum  trans¬ 
mission  bandwidth  is  obtained  with  an  odd  number  of  cells  be¬ 
tween  the  input  arm  and  the  output  arm. 

The  transmission  and  return  loss  for  the  2  —  3 — 2  configuration 
have  been  measured  using  an  X-Band  magnetron.  At  the  tuned 
frequency  the  peak  transmission  is  — 0.86dJ9,  i.e.  82%  of  the  in¬ 
put  power  is  coupled  through  the  output  arm,  with  a  MB  width 
of  ^  lOOMHz.  The  return  loss  at  this  frequency  is  — 23.4d5, 
i.e.  less  than  1%  of  the  input  power  is  reflected. 

The  input  structure  has  been  operated 
using  a  SbOkV,  500A,  50ns  electron  beam  and  initial  results  are 
encouraging.  Figure  2  shows  the  input  signal  combined  with  the 
50ns  diode  voltage  pulse  (top  trace).  Trace  2  is  the  signal  trans¬ 
mitted  along  the  output  waveguide,  showing  the  power  absorbed 
during  beam  passage  through  the  slow  wave  structure.  Trace  3 
shows  the  signal  reflected  from  the  structure.  The  level  of  this 
signal  does  not  change  significantly  until  100ns  after  the  beam 
pulse.  Trace  4  shows  the  beam  current  measured  by  a  Rogowski 
coil  located  in  the  drift  tube  25cm  beyond  the  slow  wave  struc¬ 
ture. 

The  signal  from  an  output  horn  attached  to  the  structure  by 
a  25cm  length  of  drift  tube,  which  is  cutoff  at  this  frequency, 
shows  that  beam  modulation  has  been  achieved.  As  the  modu¬ 
lated  beam  propagates  through  the  non-adiabatic  tube-horn  tran¬ 
sition  the  RF  signal  is  reconstructed  from  the  space  charge  mod¬ 
ulated  beam.  The  measured  signal  is  heterodyned  with  a  fixed 
frequency  local  oscillator.  The  FFT  of  this  mixed  signal  shows 
that  the  output  is  single  frequency  and  follows  the  input  mag¬ 
netron  frequency  over  the  full  8.9  —  9.1GHz  bandwidth  of  the 
input  structure. 

IV.  TAPERED  SLOW-WAVE  STRUCTURES 

An  extensive  study  using  the  MAGIC  simulation  code  has 
shown  that  reflections  in  all  stages  of  an  amplifier  can  be  min¬ 
imized  by  using  correctly  designed  tapered  transition  sections. 
These  tapers  provide  broad-band  transitions  to  a  circular  TMoi 
mode,  and  the  reduction  in  reflections  also  minimizes  fluctua- 
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Figure.  3.  MAGIC  simulation  of  tapered  TWT  with  coaxial 
power  extraction 

tions  in  the  output  power  level.  The  phase  velocity  increases 
from  less  than  c  in  the  slow-wave  structure  to  greater  than  c  in 
the  uniform  circular  guide.  At  some  point  within  the  tapered  re¬ 
gion,  the  phase  velocity  equals  c  and  close  to  that  point,  a  coaxial 
inner  conductor  can  be  placed  to  extract  the  RF  power.  Once  the 
beam  is  within  this  conductor,  it  does  not  interact  with  the  RF 
flowing  in  the  TEM  mode  of  the  coaxial  line  and  can  be  safely 
dumped  anywhere  within  the  inner  conductor.  The  results  of  one 
MAGIC  simulation  using  a  830fc  V,  550A  beam  are  presented  in 
fig.  3.  Electron  trajectories  are  shown  as  the  pencil  beam  prop¬ 
agates  through  the  tapered  slow  wave  structure  and  into  a  cylin¬ 
drical  beam  dump  that  is  cutoff  to  the  RF  signal.  The  beam  en¬ 
ters  the  left  boundary  with  a  2hkV  voltage  modulation.  Follow¬ 
ing  the  interaction  region  the  axial  Poynting  flux  (time-averaged 
over  one  RF  period,  and  shown  as  the  solid  line)  shows  a  power 
flow  of  ~  50MIV  in  a  TEM  mode  in  the  coaxial  extraction  sec¬ 
tion.  The  peak  power  can  be  increased  to  about  ^  lOOMlV  if 
the  input  modulation  is  increased  or  more  cells  are  added  to  the 
structure. 

V  HIGH  EFFICIENCY  OUTPUT  STRUCTURES 

We  have  investigated  the  interaction  in  traveling  wave  out¬ 
put  structures  which  are  expected  to  generate  radiation  at  an  ef¬ 
ficiency  of  50%  and  higher.  Two  different  configurations,  as  de¬ 
scribed  above,  are  under  consideration:  (i)  Transverse  extrac¬ 
tion,  where  the  electromagnetic  power  is  extracted  perpendicu¬ 
lar  to  the  beam  flow  and  therefore  an  abrupt  change  in  the  direc¬ 
tion  of  the  power  flow  is  required.  Since  successful  operation  re¬ 
quires  tuning,  the  abrupt  change  in  geometry  makes  this  system 
sensitive  to  any  change  in  the  operation  parameters,  (ii)  Longi¬ 
tudinal  extraction,  in  which  case  the  radiation  power  is  extracted 
parallel  to  the  beam  and  the  electromagnetic  field  is  gradually  de¬ 
coupled  from  the  beam.  This  extraction  results  in  the  conversion 
of  the  TM  mode  into  a  TEM  mode;  at  a  later  stage  the  TEM 
can  be  converted  into  the  TE  mode. 
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small  variations  from  the  initial  average  velocity.  For  this  rea¬ 
son,  the  tools  developed  previously  were  used  to  formulate  the 
beam-wave  interaction  within  the  framework  of  macro-particle 
dynamics,  which  permits  description  of  large  deviation  from  av¬ 
erage  velocity.  It  was  shown  that  the  interaction  is  controlled  by 
the  matrix  interaction  impedance,  which  can  be  conceived  as  a 
generalization  of  the  scalar  interaction  impedance  concept,  used 
for  uniform  structures.  The  design  and  analysis  of  a  high  effi¬ 
ciency  (70%)  traveling  wave  section  is  described  in  detail  else¬ 
where  [3].  Figure  4  shows  the  RF  conversion  efficiency  in  a 
quasi-periodic  output  structure,  where  the  cell  length  decreases 
from  6.5mm  in  the  first  cavity  to  5.4mm  in  the  radial  output  arm. 
Results  from  the  formulation  of  the  interaction  in  the  case  of  lon¬ 
gitudinal  extraction  will  be  presented  elsewhere. 
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Figure.  4.  The  variation  of  the  RF  conversion  efficiency  in 
space  for  a  narrow  (-O'"  <  x(0)  <  9"")  initial  phase  distribution. 


In  both  configurations  we  use  the  formulation  of  beam-wave 
interaction  in  quasi-periodic  structures  which  was  developed  re¬ 
cently  [1],  [2].  This  is  a  method  which  permits  analytic  calcula¬ 
tion  of  the  characteristics  of  a  disk  loaded  structure  with  signif¬ 
icant  variations  in  the  geometry.  In  principle,  once  the  structure 
is  no  longer  periodic,  the  field  can  not  be  represented  by  a  single 
wavenumber.  However,  in  case  of  adiabatic  variations  the  char¬ 
acteristics  of  the  structure  (phase  velocity,  group  velocity  and  in¬ 
teraction  impedance)  are  assumed  to  be  determined  entirely  by 
the  geometry  of  the  local  cell.  This  is  not  the  case  when  signifi¬ 
cant  changes  in  geometry  are  required  to  achieve  efficient  radia¬ 
tion  extraction.  Tliis  is  to  say  that  a  non-adiabatic  local  perturba¬ 
tion  of  geometry  affects  global  electromagnetic  characteristics, 
and  a  change  in  a  given  cell  affects  the  interaction  impedance  or 
the  group  velocity  several  cells  before  and  after  the  point  where 
the  geometry  was  altered. 

The  model  consists  of  a  cylindrical  waveguide  to  which  a  set 
of  pill-box  cavities  and  a  radial  arm  are  attached.  In  principle 
the  number  of  cavities  and  arms  is  arbitrary.  The  boundary  con¬ 
dition  problem  is  formulated  in  terms  of  the  amplitudes  of  the 
electromagnetic  field  in  the  cavities  and  arms.  The  elements  of 
the  matrix  which  relates  these  amplitudes  with  the  source  term 
are  analytic  functions  -  thus  no  a-priori  knowledge  of  the  func¬ 
tional  behavior  of  the  electromagnetic  field  is  necessary.  We  ex¬ 
amined  [1]  the  homogeneous  electromagnetic  characteristic  of 
quasi-periodic  structures ;  the  technique  was  further  developed  to 
include  Green’s  function  and  the  beam-wave  interaction  within 
the  framework  of  the  linear  hydrodynamic  approximation  for  the 
beam  dynamics.  It  was  shown  that  the  method  [2]  combines  the 
features  of  the  beam-gap  (local)  interaction,  as  in  a  klystron,  with 
those  of  the  beam-wave  (distributed)  interaction  in  a  traveling 
wave  structure.  The  linearity  of  the  model  above  is  a  serious  lim¬ 
itation  for  a  high  efficiency  interaction,  since  it  is  valid  only  for 
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Abstract 

The  klystrode  is  a  relatively  new  type  [l]-[4]  of  RF 
source  that  has  demonstrated  dc-to-RF  conversion  efficiencies 
in  excess  of  70%  and  a  control  characteristic  uniquely 
different  from  those  for  klystron  amplifiers.  The  different 
control  characteristic  allows  the  klystrode  to  achieve  this  high 
conversion  efficiency  while  still  providing  a  control  margin 
for  regulation  of  the  accelerator  cavity  fields.  We  present  test 
data  from  a  267-MHz,  250-kW,  continuous-wave  (CW) 
klystrode  amplifier  and  contrast  this  data  with  conventional 
klystron  performance,  emphasizing  the  strengths  and 
weaknesses  of  the  klystrode  technology  for  accelerator 
applications.  We  present  test  results  describing  that  limitation 
for  the  250-kW,  CW  klystrode  and  extrapolate  the  data  to 
other  frequencies.  A  summary  of  the  operating  regime 
explains  the  clear  advantages  of  the  klystrode  technology  over 
the  klystron  technology. 

L  INTRODUCTION 

The  klystrode  combines  attributes  from  both  the  gridded- 
tube  and  klystron  technologies,  with  an  input  structure 
borrowed  from  gridded-tube  technology  and  a  klystron-like 
output  cavity.  It  is  a  density-modulated  amplifier.  Figure  1  is  a 
schematic  of  the  klystrode. 

ELECTRONS 


Figure  1 :  Schematic  of  the  klystrode  amplifier  tube. 

Since  the  dc  acceleration  region  is  separate  from  the 
power  extraction  region  in  the  klystrode,  it  has  transit-time 
advantages  over  conventional  gridded  tubes.  Because  it  is  a 
current-modulated  device,  the  current  bunch  is  more  nearly 
monoenergetic  and  high  efficiencies  can  be  achieved  without 
the  stability  issues  surrounding  high-efficiency  klystrons.  The 
primary  Idystrode  market  is  UHF  television  transmission, 
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where  the  klystrode  provides  up  to  60  kW  of  peak  power.  Two 
high-power  klystrode  developments  promise  the  extension  of 
TV  technology  to  power  levels  that  are  of  interest  to  the 
particle  accelerator  community.  The  first  development 
produced  a  pulsed  klystrode  at  425  MHz,  which  achieved  in 
excess  of  750  kW  peak  at  a  10%  duty  factor  [1].  The  klystrode 
gain  was  in  excess  of  20  dB,  and  an  efficiency  greater  than 
70%  was  demonstrated.  The  second  high-power  klystrode 
development  provided  a  250-kW  continuous-wave  (CW) 
klystrode  at  267  MHz  and  is  the  basis  for  the  information 
presented  in  this  paper  [4].  This  klystrode  was  originally 
developed  by  Varian  for  the  Chalk  River  Nuclear  Laboratories 
of  Atomic  Energy  of  Canada  Limited  as  a  power  source  for  a 
radio  frequency  quadrupole  accelerating  cavity  [5].  The 
program  has  since  moved  to  Los  Alamos  National  Laboratory, 
where  the  system  is  being  used  as  a  test  stand  for  advanced 
accelerator  applications  [6].  Our  interest  in  high-power 
klystrodes  is  motivated  by  their  high  efficiency  and  their 
control  characteristic.  All  high-power  klystrode  developments 
have  achieved  an  efficiency  in  excess  of  70%,  which  is  better 
than  that  for  klystrons  currently  in  accelerator  service;  and 
unlike  the  klystron,  it  is  possible  to  modulate  the  input  signal 
to  the  klystrode  and  vary  the  output  while  still  achieving  high 
efficiency. 

In  accelerator  service,  the  high-power  amplifier  is  part  of 
a  fast  control  loop,  which  maintains  the  accelerating  cavity 
field  amplitude  and  phase  at  a  desired  set  point.  The  klystron 
provides  its  maximum  efficiency  only  at  saturation,  where  the 
power  transfer  curve  is  essentially  flat,  making  control  by 
amplitude  modulation  of  the  drive  signal  impossible.  In  order 
to  exercise  control  over  the  cavity  field,  we  must  typically 
operate  the  klystron  with  a  control  margin  (the  amount  of 
operation  below  saturation)  of  10%  to  20%.  A  20%  control 
margin  decreases  the  efficiency  of  a  klystron  operating  at  70% 
efficiency  at  saturation  to  56%  at  the  nominal  operating  point. 
In  contrast,  we  demonstrate  that  the  klystrode  can  provide  a 
relatively  constant,  high  efficiency  over  the  last  30%  of  its 
power  capability. 

One  advantage  of  the  klystron  over  the  klystrode  is  its 
high  gain.  In  many  klystron-based  accelerator  RF  systems  a 
small  solid-state  amplifier  drives  a  klystron  with  45-55  dB  of 
gain.  The  klystrode  gain  of  20-22  dB  increases  transmitter 
complexity  and  requires  an  intermediate  amplification  stage 
for  high-power  applications;  however,  the  klystrode  does  not 
require  a  modulator,  as  does  a  klystron,  for  pulsed  service 
because  it  is  configured  as  a  class  B  amplifier.  When  large 
CW  accelerators  lose  their  vacuum,  they  are  often  pulse- 
conditioned,  and  with  klystrons  expensive  modulators  are 
sometimes  built  solely  for  conditioning.  Such  modulators  are 
not  required  for  the  klystrode.  Klystrons  also  have 
demonstrated  much  higher  peak  and  average  power 
capabilities  than  have  klystrodes. 

As  an  additional  advantage  of  klystron  technology,  the 
drive  signal  is  applied  to  a  modulating  gap  that  is  not 
collocated  with  the  cathode  surface  as  is  true  with  the 
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klystrode.  A  portion  of  the  klystrode  drive  power  is  dissipated 
on  the  cathode  surface,  providing  an  additional  source  of 
cathode  heating.  Because  of  the  relatively  low  gain,  this 
characteristic  may  ultimately  limit  the  average  power 
capability  of  the  klystrode  without  additional  technology 
advances  in  the  input  structure  or  cathode  material. 

11.  EXPERIMENTAL  RESULTS 

Data  representing  the  klystrode’s  linearity,  phase  variation 
with  output  power,  efficiency  variation  with  output  power,  and 
bandwidth  is  presented  in  Figures  2-5.  The  data  was  taken  at 
267  MHz.  We  integrated  power  meters,  a  swept-frequency 
source,  and  sampled  values  of  beam  current  and  voltage  into  a 
LabVIEW-controlled  automated  test  to  generate  the  power 
transfer,  bandwidth,  and  efficiency  plots.  We  used  a  network 
analyzer  to  measure  the  phase  variation  with  input  power, 
which  we  then  converted  to  a  plot  of  phase  variation  with 
output  power  by  using  the  power  transfer  characteristic.  The 
klystrode  transmitter  is  a  three-stage  transmitter  with  the  250- 
kW  klystrode  as  the  final  stage.  The  data  presented  here  are 
only  for  the  final  klystrode  stage.  The  curves  in  Figures  2  and 
3  illustrate  the  klystrode  power-transfer  curve  and  phase 
response.  Figure  4  shows  the  klystrode  efficiency  as  a  function 
of  output  power.  Figure  5  illustrates  the  klystrode  bandwidth. 
Inspection  of  Figure  4  shows  that  the  klystrode  provides 
almost  constant  efficiency  from  180  to  250  kW.  Inspection  of 
Figure  2  shows  that  the  power- transfer  characteristic  is 
relatively  linear  in  this  region.  Taken  together.  Figures  2  and  4 
support  the  earlier  assertion  that  the  strength  of  the  klystrode 
for  accelerator  service  is  its  capability  to  provide 
simultaneously  high  efficiency  and  a  control  margin  for 
regulating  accelerator  cavity  fields. 


Input  Power  (W) 

Figure  2:  Klystrode  power  transfer  characteristic. 


Figure  3:  Klystrode  phase  response. 

Figure  6  illustrates  the  output  power  versus  filament 
power  for  the  250-kW  klystrode  at  three  nominal  output  power 
levels.  Tests  were  performed  at  nominal  output  powers  of  60 
kW,  180  kW,  and  234  kW  over  the  filament  power  range  of 
175  to  300  W.  The  filament  power  was  controlled  by  varying 
the  filament  current.  The  klystrode  operates  at  a  nominal  value 
of  filament  power  slightly  larger  than  250  W  (the  third  data 
point  on  each  curve). 


Figure  4:  Klystrode  efficiency  as  a  function  of  output  power 
level. 


1522 


Figure  5:  Kly strode  bandwidth. 


Figure  6:  Klystrode  output  power  vs.  filament  power  for  three 
output  power  levels. 

The  test  results  in  Figure  6  were  intended  to  quantify  the 
level  of  filament  heating.  Inspection  of  the  180-kW  and  234- 
kW  curves  shows  that  the  knee  is  at  approximately  the  same 
filament  power  level  even  though  the  beam  current  is  different 
by  30%.  This  could  lead  to  the  conclusion  that  an  appreciable 
amount  of  cathode  heating  is  taking  place,  but  more  tests  are 
necessary  to  further  quantify  this  effect. 

III.  CONCLUSION 

Because  of  its  high  efficiency,  the  variation  of  its 
efficiency  with  output  power,  and  its  linearity,  we  have 
demonstrated  the  klystrode  to  have  performance 


characteristics  that  are  very  appealing  for  accelerator  RF 
systems.  The  relatively  constant  efficiency  over  a  broad  range 
of  output  power  provides  a  control  margin  for  accelerating 
cavity  fields  without  the  efficiency  penalty  that  must  be 
suffered  with  klystron  amplifiers.  The  smoothly  varying, 
monotonic  phase  characteristic  of  the  klystrode  is  easily 
controllable,  and  the  magnitude  of  the  phase  variation 
provides  abundant  phase  margin  for  the  other  components  of 
the  system  that  contribute  to  phase  variation  (capacitor  bank 
droop,  beam  effects,  etc.).  We  believe  that  the  klystrode  has 
proved  its  viability  as  a  high-power  source  at  frequencies  less 
than  300  MHz  for  output  powers  up  to  250  kW  CW.  It  is 
extremely  attractive  for  CW  service  because  of  its  high 
operating  efficiency.  The  klystrode  also  appears  to  be  a  very 
attractive  candidate  for  low-frequency  superconducting 
accelerator  applications  that  require  reduced  power  levels. 

At  frequencies  in  excess  of  1  GHz  or  for  high-power, 
short-pulse  service  (>500  kW,<10%  duty  factor)  where 
efficiency  is  not  an  issue,  we  believe  the  klystron  to  be  the  RF 
tube  of  choice.  Its  high  gain  and  proven  reliability  will  reduce 
total  costs.  It  also  tends  to  be  higher  perveance  than  the 
klystrode,  decreasing  high-voltage  power  supply  cost. 

We  are  concerned  that  at  higher  average  power  levels,  the 
klystrode  technology  does  not  have  an  appreciable  operating 
history  on  which  to  base  reliability  estimates.  We  have 
approximately  664  high-voltage  hours  on  the  250-kW  CW 
klystrode  at  Los  Alamos,  and  we  have  had  to  process  the  grid 
at  least  three  times  to  remove  material  deposit^  on  the  grid  by 
the  cathode.  We  are  afraid  that  the  cathode  is  being  overheated 
by  the  RF  drive  power  and  that  the  result  will  be  a  reduced 
tube  life. 
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CHOPPERTRON  II 
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J.  Haimson  and  B.  Mecklenburg,  Haimson  Research  Corporation,  Santa  Clara,  CA  95054  US  At 


We  present  experimental  results  of  a  version  of  the 
Choppertron  microwave  generator  designed  to  work  with 
the  high  emittance  beam  of  the  Advanced  Test  Accelerator 
(ATA).  Simulations  showed  that  a  800-A,  120  n  cm-mrad 
beam  (typical  of  ATA),  could  produce  800  MW  of  rf 
(11.4  GHz)  power  using  two  12-cell,  traveling-wave  output 
structures.  Funding  contraints  prevented  final  tuning  of  the 
modulator  system  and  limited  the  experiment  to  530  MW  in 
narrow  pulses.  Over  400  MW  were  extracted  from  a  single 
output  structure  through  fundamental  waveguide.  Beam 
breakup  was  successfully  suppressed  with  >800  amperes  of 
current  transported  through  the  extraction  section. 

1.  INTRODUCTION 

We  have  performed  a  series  of  experiments  over  the 
past  several  years  to  study  the  application  of  induction 
accelerator  technology  to  rf  power  production  for  a  linear 
collider  in  the  Two-Beam  Accelerator  concept.  [1,2]  Areas 
of  study  included  high-power  (several  hundred  megawatts 
at  11.4  GHz)  output  structures,  multiple  output  structures, 
transverse  beam  instabilities  caused  by  excitation  of  higher 
order  modes  (HOM),  phase  coherency,  amplitude  stability, 
and  the  acceleration  of  a  modulated  beam.  The  Choppertron 
II  completed  our  microwave  experiments  at  the  ATA 
facility  and  was  designed  primarily  to  expand  the  limits  of 
peak  power  extraction  and  suppression  of  HOMs. 

Figure  1  is  a  schematic  of  the  Choppertron  II.  The 
modulator  section  has  a  multi-cavity  deflection  structure 
and  two  off-axis  apertures.  A  schematic  of  the  deflection 
structure  is  shown  in  Fig.  2.  The  modulator  operates  by 
deflecting  the  beam  in  the  horizontal  plane  with  the 
5.7  GHz  deflectiion  structure.  This  causes  the  Bz-field- 
immersed  beam  to  describe  semi-helical  trajectories  that 
scan  across  a  pair  of  off-axis  apertures  in  a  collimator 
located  between  the  drive  cavity  and  the  rf  output 
structures.  The  5.7  GHz  spatially  modulated  dc  beam 
incident  on  the  collimator  is  transformed  into  a  phase 
coherent,  amplitude  modulated  beam  at  11.4  GHz.  The 
axial  magnetic  field  is  matched  to  the  beam’s  energy  and 
emittance  to  keep  the  desired  beam  radius  and  betatron 
wavelength  for  efficient  operation.  The  output  section  has 
two  12’Cell  traveling-wave  structures.  Each  has  de-Qlng 
circuits  built  into  the  first  two  cells  to  extract  power  from 
the  HOMs,  and  a  damping  cavity  after  the  output  coupler. 

The  work  was  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  Lawrence  Livermore  National 
Laboratory  under  contract  W-7405-ENG-48. 

^Work  supported  by  U.S.  Department  of  Energy  SBIR 
Grant  No.DE-FG03-92ER81285. 


11.  EXPERIMENTAL  LAYOUT 


A  schematic  of  the  experiment  is  shown  in  Fig.  3  The 
injector  is  operated  at  -  2.1  MV  producing  a  6-kA,  80-ns 
fwhm,  current  pulse.  A  2-cm  aperture,  1-m  long  collimator 
immersed  in  a  solenoidal  field  reduces  the  current  to  1-kA 
and  removes  low  energy  electrons  from  the  front/back  of 
the  pulse  (effective  fwhm  <  50  ns).  The  beam  energy  is 
increased  to  4.6  MeV  with  10  ATA  induction  cells.  The 
beam  is  deflected  upon  entering  the  Choppertron  modulator 
section  and  swept  back  and  forth  across  the  two  apertures. 
This  reduces  the  dc  current  by  about  half,  but  produces  a 
well  modulated  beam,  A  dc  deflection  magnet  located 
around  the  deflection  structure  is  used  to  assist  with  initial 
magnet  settings.  The  solenoidal  field  is  increased  at  the 
entrance  of  the  rf  output  section  to  limit  the  beam  motion  to 
within  the  16-mm  aperture  of  the  output  structures. 

The  dc  current  component  is  measured  with  resistive 
wall  current  monitors  before  and  after  the  Choppertron.  RF 
loops  inserted  in  a  safety  collimator  in  front  of  the  deflec¬ 
tion  structure  measures  the  current  entering  the  structure. 
Resistive  dividers  on  the  induction  modules  are  used  to 
determine  gap  voltage  and  infer  beam  energy.  The  dc 
deflection  magnet  also  functions  as  an  energy  spectrometer. 
The  amplitude  and  frequency  of  the  rf  power  entering  and 
exiting  the  deflection  structure  is  monitored.  The  output 
power  pulses  are  sampled  with  56  db  directional  couplers 
and  measured  using  Schottky  diode  detectors.  Phase 
coherency  and  power  spectra  of  the  pulses  is  also  measured. 


4.6  MeV 


Output  Section 


Deflection  Stmcture  (  5.7  GHz) 

^1 

Solenoid 

.  Solenoid. 

. ■■ . 

Figure  1.  Schematic  of  Choppertron  II. 


Figure  2.  Schematic  of  the  deflection  structure. 
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ATA  Injector  10-cell  Acceleration  Module 


Figure  3.  Schematic  of  the  experimental  layout. 


IIL  EXPERIMENTAL  RESULTS  a  resonant  frequency  of  5.703  GHz.  This  is  the  cutoff 

frequency  for  the  coupling  port. 

A.  Deflection  Cavity  Measurements 


The  original  Choppertron  [3]  had  been  designed  for  a 
30  K  cm-mrad  beam  that  could  have  been  produced  with  an 
induction  accelerator  using  a  dispenser  cathode.  To 
accommodate  the  ATA  beam,  modifications  were  made  to 
the  modulator  that  required  increasing  the  solenoidal  field 
and  shortening  of  the  drift  distance.  A  significant  increase 
of  the  rf  deflection  fields  was  also  needed.  The  new 
deflection  structure  requires  about  2  MW  of  forward  rf 
power  at  5.7  GHz.  The  rf  energy  stored  in  a  TMjio-like 
resonant  mode  deflects  the  beam  as  it  passes  through  the 
structure.  The  beam  then  drives  the  resonant  mode  increas¬ 
ing  the  deflecting  fields  to  the  desired  level. 

A  bi-directional  coupler  was  used  to  measure  forward 
and  backward  propagating  power  with  respect  to  the 
deflection  structure  input  port.  The  observed  backward 
propagating  power  from  the  input  port,  with  and  without 
beam,  is  shown  in  Fig.  4.  The  drive  power  pulse  started 
about  200  ns  prior  to  the  ~50  ns  beam  pulse  to  allow  for 
transients.  The  effect  of  beam  loading  is  obvious. 

A  desired  characteristic  of  the  deflection  system  is  that 
the  beam-generated  power  be  proportional  to  the  drive 
power.  The  peak  reflected  power  from  the  input  port  for 
two  different  beam  loadings  as  a  function  of  drive  power  is 
shown  in  Fig.  5.  A  major  difficulty  is  avoiding  other 
resonance’s  and  adjusting  the  beam  loaded  frequency  of  the 
desired  resonance.  The  spectrum  analysis  of  the  power 
generated  in  the  deflection  structure  by  the  beam  indicated 


Time  (ns) 


B.  Output  Power  Pulses 

Low  power  conditioning  of  the  Choppertron,  at  output 
power  levels  of  10  to  20  MW,  was  accomplished  using 
beam  currents  below  200  A.  As  the  current  is  increased,  the 
shape  of  the  output  power  pulses,  and  transmitted  current 
pulse  measured  at  the  beam  dump,  changed.  Figure  6  shows 
typical  pulses  from  the  first  output  structure  for  several 
different  currents.  The  second  output  and  transmitted 
current  pulses  had  similar  shapes.  No  evidence  of  electrical 
breakdown  or  transverse  instability  was  noted  in  the  output 
structures  to  explain  the  shortening  of  the  pulses. 

At  higher  currents  (>  300  A),  the  driving  frequency  of 
the  deflection  structure  effected  the  output  pulse  shape. 
Figure  7  shows  typical  pulses  from  the  second  output 
structure  at  different  drive  frequencies.  Maximum  power 
levels  occurred  at  a  drive  frequency  of  5.709  GHz, 
dropping  rapidly  with  lower,  and  gradually  with  higher, 
frequencies.  Pulse  shape  variation  occurred  for  different 
currents  and  magnetic  transport,  but  the  trend  is  consistent 
with  Fig.  7,  i.e.  the  peak  power  would  occur  later  with 
respect  to  the  current  pulse  with  increased  frequency.  The 
pulse  from  the  first  output  did  not  display  the  notch  shown 
for  the  5.709  GHz  pulse  in  Fig.  7. 

Below  drive  frequencies  of  5.718  GHz,  up  to  twice  the 
power  could  be  extracted  from  the  first  structure  than  from 
the  second.  Above  5.720  GHz,  about  equal  powers  were 
extracted.  Maximum  powers  measured  were  426  MW  for 


Drive  (MW) 


Figure  4.  Backward  power  from  the  deflection  structure  Figure  5.  Power  generated  by  beam  loading  in  the 
indicated  substantial  power  was  generated  by  beam  loading,  deflection  structure  varied  linearly  with  drive  power. 
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Figure  6.  Power  pulses  from  the  first  output  structure. 


the  first  and  260  MW  for  the  second.  Combined  totals  of 
over  500  MW,  e.g.  379  +  151  =  530  and  285  +  231  =  516, 
were  obtained.  These  powers  were  associated  with  pulse 
shapes  similar  to  the  narrower  pulses  shown  in  Fig.  6  and  7. 


Frequency  (GHz)  Frequency  (GHz) 

Figure  8.  Power  spectra  of  rf  output  pulses, 
the  fact  that  the  two  output  structures  are  identical,  and  that 
the  beam  is  deflected  off-axis  prior  to  the  output  section, 

IV.  CONCLUSIONS 


C.  Frequency  Analysis 

Power  spectra  were  made  of  rf  pulses  related  to  the 
deflection  structure  and  output  power  structures.  Initial 
measurements  on  the  deflection  structure  indicated  resonant 
peaks  during  beam  loading  at  5.689  and  5.722  GHz  (drive 
frequency  =  5,714  GHz).  After  tuning,  resonant  peaks  were 
measured  with  beam  at  5.703  and  5.713  GHz  (drive 
frequency  =  5.713  GHz).  Typical  spectra  for  pulses  from 
each  of  the  output  structures  are  shown  in  Fig.  8.  At  lower 
drive  frequencies,  the  output  power  is  primarily  at  11.393 
GHz.  Increasing  the  drive  frequency  leads  to  the  power 
being  split  in  two  frequency  components. 

D.  Comments  on  Transverse  Instabilities 

Over  800  A  was  transported  through  Choppertron  II  using 
the  dc  deflector  magnet  with  no  indication  of  beam 
disruption  due  to  transverse  instabilities.  This  is  an  impor¬ 
tant  accomplishment  due  to  the  number  of  cells  involved 


Figure  7.  Power  pulses  from  the  second  output  structure. 


Extracting  426  MW  from  a  single  output  structure  into 
fundamental  waveguide  nearly  doubled  the  power  level 
achieved  with  the  original  Choppertron  using  the  same 
output  structure  [2].  This  peak  power  increase  is  attributed 
to  improved  vacuum  conditions  and  increased  rf  current 
from  the  new  modulator.  While  high  peak  powers  were 
attained,  the  pulses  were  narrow  and  we  had  difficulties 
with  mode  purity  at  higher  drive  frequencies.  Several 
corrective  actions  are  possible,  e.g.  decreasing  the  separa¬ 
tion  of  the  off-axis  apertures  to  reduce  the  necessary  beam 
deflection  and  lessen  excitation  of  unwanted  resonances, 
and  additional  tuning  of  the  deflection  structure  to  reduce 
the  strength  of  these  resonances.  Tuning  of  the  deflection 
structure  after  initial  testing  substantially  reduced  the  effect 
of  these  resonances  in  the  final  experiment.  Unfortunately, 
we  are  unable  to  perform  further  experiments  due  to 
funding  constraints.  The  output  structures  may  be  used  in 
future  experiments  on  relativistic  klystrons.  [4] 
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THE  RESISTIVE-WALL  KLYSTRON  AS  A  HIGH-POWER  MICROWAVE  SOURCE 

Han  S.  Uhm,  Naval  Surface  Warfare  Center,  Silver  Spring,  MD  20903-5640 


A  novel  high-power  high-frequency  klystron  is  presented 
in  which  a  relativistic  electron  beam  is  modulated  at  the 
first  cavity  and  propagates  downstream  through  a  resistive 
wall.  Because  of  the  self-excitation  of  the  space  charge 
waves  by  the  resistive-wall  instability,  a  highly  nonlinear 
current  modulation  is  accomplished.  Due  to  the  relatively 
large  growth  rate  of  the  instability,  the  required  tube  length 
of  the  klystron  is  short  for  most  applications. 

1.  INTRODUCTION 

Recent  experiments  with  the  relativistic  klystron 
amplifier  (RKA)  indicate  that  the  frequency  and  efficiency 
of  current  modulation  are  monochromatic  and  almost  100 
percent  in  appropriate  system  parameters^.  One  of  the  main 
issues  in  the  RKA  is  enhancement  of  power  at  high 
frequency.  The  size  and  opening  of  cavities  in  the  RKA 
should  be  reduced,  to  increase  the  excitation  frequency. 
Therefore,  a  high-power  high-frequency  klystron  amplifier 
has  inherent  problems  due  to  reduced  cavity  size,  including 
electron  emission  and  ac  beam  loading  at  the  gap  opening 
of  cavities.  To  minimize  these  problems,  we  propose  to 
eliminate  the  intermediate  cavities  and  to  modulate  beam 
current  by  means  of  the  resistive- wall  instability.  In  the 
conventional  klystron,  the  beam  energy  is  modulated  at  the 
first  cavity  and  this  modulation  is  reinforced  in  the 
intermediate  cavities  before  the  beam  segments  arrive  in 
the  extraction  cavity.^  In  the  resistive- wall  klystron,  the 
energy  modulation  at  the  first  cavity  initiates  self¬ 
excitation  of  the  space  charge  waves  in  the  resistive 
medium  of  the  wall.  Because  of  the  self-excitation  of  these 
waves,  a  relatively  low-level  modulation  is  needed  at  the 
first  cavity.  A  highly  nonlinear  current  modulation  of  the 
electron  beam  is  accomplished  as  the  beam  propagates 
through  the  resistive  tube.  The  frequency  of  the  resistive- 
wall  instability  is  lower  than  the  cut-off  frequency  in  the 
waveguide  and  the  microwaves  cannot  propagate  through 
the  drift  section  by  themselves.  Thus,  these  self-excited 
space  charge  waves  move  together  with  beam  segments, 
further  modulating  their  current.  The  resistive-wall 
instability  has  been  interesting  subject  to  other  areas, 
including  circular  high  energy  particle  accelerators  and 
heavy  ion  inertial  fusion. 

IT  RESISTIVE-WALL  INSTABILITY 

The  system  configuration  of  the  resistive-wall  klystron 
consists  of  a  relativistic  electron  beam  with  radius  R^ 
propagating  through  a  resistive  tube.  A  strong,  externally 
applied  magnetic  field  is  needed  to  confine  the  beam 
electrons  radially. 


^  This  work  was  supported  by  IR  Fund  at  NSWC. 


The  radius  of  the  grounded  resistive  tube  in  the  klystron 
is  denoted  by  R^.  This  drift  tube  is  wrapped  by  a 
cylindrical  conductor  with  radius  R^.  The  conductivity  of 
the  resistive  medium  in  the  range  of  R^  <  r  <  R^  is  denoted 
by  a.  The  skin  depth  8  of  the  resistive  medium  is  assumed 
to  be  much  less  than  its  thickness  AR,  i.e.,  5  =  c/(2 
7tpaco)^'^«  AR  =  Rc-Rw,  where  \i  is  the  permeability  of  the 
resistive  medium,  co  is  the  oscillation  frequency  of  the 
electric  field,  and  c  is  the  speed  of  light  in  vacuum.  The 
first  cavity  in  the  klystron  is  excited  by  input  microwaves 
with  frequency  co.  We  also  assume  the  initial  condition 
that  the  beam  segment  labeled  by  0  =  co  to  passes  through 
the  opening  of  the  first  cavity  at  time  t  =  to.  Note  that  the 
first  cavity  is  located  at  z  =  0.  Then  the  energy  gain 
Aymc^  of  the  segment  0  is  expressed  as 

Ay  =  -e  (A(!)/mc^)  sin  0  ,  (1) 


where  A0  is  the  maximum  voltage  at  the  cavity,  and  -e  and 
m  are  the  charge  and  rest  mass  of  electrons,  respectively. 
The  energy  gain  or  loss  at  the  first  cavity  introduces  the 
initial  perturbation  needed  in  the  resistive-wall  instability. 

Any  charge  and  current  deviations  from  their 
equilibrium  values  will  generate  the  axial  component 
Ej,(r,z,t)  of  the  perturbed  electric  field  downstream.  This 
perturbed  electric  field  is  obtained  from  the  Maxwell 
equations.  After  a  straightforward  algebraic  manipulation, 
we  obtain 


1  d 


r  dr^ix  dr 


j 


1  ^  , 


J_i. 

fiedz^ 


(2) 


where  L  is  the  axial  component  of  the  beam  current 
density. 

In  order  to  make  the  subsequent  calculation  analytically 
simple,  we  assume  that  //€j3^»l,  where  p  and  €  are 
the  permeability  and  dielectric  constant,  respectively,  of 
the  resistive  medium,  and  Pc  is  the  instantaneous  beam 
velocity.  This  inequality  can  easily  be  satisfied  for  a  broad 
range  of  system  parameters.  In  addition,  the  resistive 
medium  is  conductive  rather  than  dielectric,  satisfying 
c/ R^(D»{S/ Thus,  the  term  proportional  to 

in  Eq.  (2)  is  negligibly  small  in  comparison 


with  the  term  proportional  to  4jta.  The  charge  and  current 
densities  in  the  right-hand  side  of  Eq.  (3)  are  approximated 
by 


dJ^  _  dp  _  (0  f  (9p^ 

dt~^[dd);  dz~  Pc[de); 


(3) 


where  use  has  been  made  of  the  definition  0=  ©to-  Because 
the  phase  velocity  of  the  perturbations  in  a  specified  beam 
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segment  is  very  close  to  the  beam  velocity,  the  charge 
density  is  approximately  related  to  the  current  density  by 
-  Pep,  Assuming  that  the  radial  variation  of  the  axial 

electric  field  dominates  its  axial  variation,  which  is 
common  in  the  relativistic  klystron  application,  we  can 
neglect  the  terms  proportional  to  in  Eq.  (2). 

Making  use  of  all  these  assumptions,  Eq.  (2)  is  simplified 
to 


I  d  f  dEA  map  d  mp  d 
rdrV  dr  )  dt  dt  ^  ’ 


(4) 


for  the  electric  field  in  the  range  of  <  r  <  and 

1  ^  r,  ^  p )  4n  d 

rdr[  dr  dt  ^  ’ 


(5) 


for  the  electric  field  in  the  range  of  r  <  R^.  In  Eq.  (5),  the 
relativistic  mass  factor  y  is  defined  by  y^  = 


Whenever  the  beam  current  changes,  the  induced 
electric  field  E2(r,z,t)  calculated  from  Eqs.  (4)  and  (5) 
appears  in  the  system.  In  terms  of  the  Maxwell  equation, 
the  induced  electric  field  is  contributed  by  the  change  of 
the  radial  electric  field  Ej.  and  the  azimuthal  magnetic 
field  Bq.  However,  we  note  in  the  resistive  medium  that 
the  induced  electric  field  due  to  the  radial  electric  field  is 
negligible  in  comparison  with  that  due  to  the  azimuthal 
magnetic  field.  In  this  context,  the  axial  electric  field  E^ 
in  the  resistive  medium  is  related  to  the  azimuthal 
magnetic  field  Bg  by  [d  /  dr)E^  =  (1  /  c)(5  /  dt)BQ , 

Differentiating  both  sides  of  Eq.  (4)  by  r,  we  obtain 


dr 


map  mp  d  , 


(6) 


for  the  azimuthal  magnetic  field  ^  inside  the  resistive 
medium  (R^  <  r  <  RJ.  The  electric  field  penetrates  a  few 
skin  depths  into  the  resistive  medium.  The  electric  field  E^ 
in  the  resistive  medium  is  proportional  to  exp[-(r-Rw)/6]. 
From  a  practical  point  of  view,  the  radius  ratio  Rc/Rw  is 
infinite  if  the  thickness  AR  of  the  resistive  medium  is  more 
than  a  few  times  the  skin  depth.  The  error  associated  with 
a  finite  value  of  R^  is  on  the  order  of  exp(-AR/5)  or  less.  In 
the  evaluation  of  the  axial  electric  field  at  the  inner 
surface  of  the  drift  tube  (r  =  R^),  we  thus  assume  that  the 
radius  R^  of  the  wrapping  conductor  is  much  larger  than  the 
inner  radius  R^,,  i.e.,  oo. 

One  of  the  most  important  issues  in  the  resistive-wall 
instability  is  the  evaluation  of  the  axial  electric  field  at  the 
inner  surface  (r  =  R^)  of  the  resistive  medium.  In  the  case 
when  the  skin  depth  of  the  resistive  medium  is  much  less 
than  the  wall  radius  R^CcT  «  Rw)>  Eq*  (6)  is  represented  by 
a  planar  approximation  and  the  axial  electric  field  at  the 
inner  surface  of  the  resistive  medium  is  given  by^ 


which  is  employed  for  the  subsequent  analysis  of  the 
resistive-wall  instability.  Here  l(z,0)  is  the  instantaneous 
beam  current.  In  Eq.  (7),  the  normalized  time  =  cotj, 
represents  the  time  t  =  t^  at  which  the  head  of  the  electron 
beam  passes  through  the  first  cavity. 

In  order  to  find  the  axial  electric  field  Ei(r,z,  0)  in  the 
range  of  r  satisfying  r  <  R^,  we  solve  Eq.  (5)  and  make  use 
of  the  boundary  value  E2(R^,z,0)  in  Eq.  (7).  After  carrying 
out  straightforward  algebra,  we  find  the  average  axial 
electric  field 

=  +E,{R,,z,e),  (8) 

which  acts  on  the  beam  electrons  in  the  segment  labeled 
by  0.  In  Eq.  (8),  G(Rb)  is  the  geometric  factor  of  the 
configuration,  i.e., 

ln(R^ /R^)  +  0.25,  solid  beam, 
hollow  beam. 

Velocity  modulation  of  the  beam  segment  labeled  by  tg 
is  obtained  from 

mc^—y  =  -eE,  (10) 

dz 

with  the  boundary  condition 

yo(^)  =  rfc-(eA(i/mc^)/(0),  (11) 

where  E  is  the  average  axial  electric  field  in  Eq.  (8)  and  y^ 
is  the  initial  relativistic  mass  factor  of  electrons  before 

they  pass  through  the  cavity  opening.  For  convenience  in 
the  subsequent  analysis,  we  define  the  normalized  current 

F(C0)  by 

F(C,0)  =  7(C,0)/4,  (12) 

where  the  normalized  propagation  distance  ^  =  (oz  I  P^c 
and  I5  is  the  injection  current  of  the  beam  before  it  passes 
through  the  first  cavity.  It  is  also  useful  in  the  subsequent 
analysis  to  introduce  the  Budker's  parameter  x>  of  the  beam 
defined  by  v  =  -^4  !  ^Pb^^  ^ 


Substituting  Eqs.  (8)  and  (9)  into  Eq.  (11),  we  obtain 
the  relativistic  mass  factor  y(^,0), 


JL 

n 


=  1- 


eA<j) 

Ybnup- 


sine +  f^di;'[ 


IGv 


(13) 


where  use  has  been  made  of  the  assumption  that  the 
instantaneous  velocity  pc  of  the  beam  segment  0  is  close 
to  the  beam  injection  velocity  PbC.  The  instantaneous 
velocity  P(C,B)c  of  the  beam  segment  0  is  expressed  as 
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/  )3  =  1  + (/fc  -  y )  /  (y^  - 1). 


(14) 


Making  use  of  the  velocity  definition  dz/dt  =  Pc  and  the 
definition  (p  =  cot,  we  obtain  the  relation 


(15) 


where  the  normalized  propagation  distance  ^  =  coz/p^c. 

The  beam  current  at  the  injection  point  is  a  constant 
value  of  I|,.  The  beam  segment  to  passes  the  injection  point 
at  time  t  =  to.  When  this  segment  arrives  at  z  in  time  t,  it 
is  stretched  by  a  factor  of  dt/dto-  Thus,  the  beam  current  of 
the  segment  to  at  z  is  proportional  to  d0/d9.  In  this  regard, 
the  normalized  current  ratio  F(^,0)  in  Eq.  (12)  is  expressed 
as 


MC) 


\d(p/d^’ 

where  the  normalization  constant  N(Q  is  defined  by 
20 


(16) 


(17) 


The  normalization  constant  N(Q  ensures  the  charge 
conservation.  Substituting  Eq.  (15)  into  Eq.  (16)  gives'^ 


=ll+€ c— -  l^d^'f  dC'[h-^F{C',e) 
F{c,e)  de  lo  ^  Jo  '  d0^  ^ 

-Kj^w{r,e)]\, 

where  the  phase  delay  function  W(^,0)  is  defined  by 


(18) 


(19) 


and  the  initial  energy  gain  e,  the  self-field  effects  h,  and 
the  resistive-wall  effects  k  are  defined  by 

_  1  ,  2Gv 


h  =  - 


yl(Yb-^y 


Yb  K 


(20) 


The  initial  condition  of  Eq.  (18)  is  F(^,0)  =  1  at  ^  =  0. 
For  specified  values  of  the  physical  parameters  e,  h  and  k, 
this  integrodifferential  equation  can  be  solved  by  a 
numerical  method.  Once  the  normalized  current  F(^,0)  in 
Eq.  (18)  is  determined  in  terms  of  the  time  0  and  the 
propagation  distance  the  energy  modulation  in  Eq.  (13) 
is  calculated  from  the  current  modulation  for  a  specified 
injection  energy  Yb- 

Numerical  calculation  of  Eq.  (18)  has  been  carried  out, 
neglecting  the  transient  behavior  of  the  current  modulation 
caused  by  the  beam  head  {9f^  =  -o®) .  A  typical  example  of 

the  current  modulation  calculated  from  Eqs.  (18)  and  (19) 
for  e  =  0.02,  h  =  0.02,  k  =  0.02,  the  injection  energy  Yb  = 


1.5  and  the  propagation  distance  ^  =  21.  These  physical 
parameters  are  easily  attainable  under  the  present 
experimental  conditions.  The  current  profile  is  very 
different  from  a  sinusoidal  wave  form  although  the  initial 
energy  modulation  at  the  first  cavity  is  a  sine  function. 
The  current  peak  occurs  near  the  time  at  which  d  Id  has  a 
local  maximum.  The  later  segment  with  more  energy 
speeds  up  and  the  previous  segment  with  less  energy  slows 
down,  piling  up  the  beam  current  at  this  point.  In  order  to 
investigate  nonlinear  mode  evolution  in  the  current  profile 
systematically,  we  Fourier-decompose  the  current 
modulation  in  Eq.  (19)  with  harmonic  mode  number  £.  The 
mode  strengths  grow  exponentially  with  respect  to  the 
propagation  distance  ^  except  at  the  beginning  and  near  to 
the  location,  where  the  peak  modulation  occurs.  The 
strength  Cj  of  the  fundamental  mode  is  proportional  to 
exp(0.102Q  in  the  propagation  range  of  the  exponential 
growth,  which  agrees  with  its  analytical  estimation  of 
exp(0.lQ  from  the  linear  theory  of  the  resistive- wall 
instability.  The  peak  modulation  occurs  at  ^  =  22  for 

the  parameters  mentioned  above.  The  normalized  mode 
strength  c^  of  order  unity  can  easily  be  attainable  in  the 
resistive-wall  klystron.  We  also  note  from  numerical 
calculation  that  the  mode  structure  at  the  peak  modulation 
exhibits  a  broad  spectrum. 

The  propagation  distance  C  =  Cm  of  the  peak  current 
modulation  determines  the  length  of  the  resistive-wall 
klystron.  The  oscillatory  wave  of  the  current  modulation 
beyond  the  propagation  distance  of  ^  breaks  down  to 
many  wavelets.  We  thus  call  the  propagation  distance  ^  = 

the  wave  breaking  point.  The  main  nonlinear  saturation 
mechanism  for  the  resistive-wall  instability  is  the  wave 
breaking  phenomenon  and  multi-mode  coupling.  The  tube 
length  longer  than  may  not  be  advantageous  for  the 
fundamental  mode  (£=  1)  klystron.  However,  a  long  tube 
may  be  useful  for  the  high-harmonic  klystron.  As  an 
example,  we  consider  the  parameters  mentioned  above. 
The  resistive-wall  effect  of  K  =  0.02  corresponds  to  the 
beam  current  of  I5  =  4  kA  for  Yb  =  1-5,  |i  -  2.5  and  the  ratio 
8/R^  =  0.1.  For  the  microwave  frequency  of  10  GHz,  the 
conductivity  of  the  resistive  medium  is  given  by  100 
siemens/m,  which  is  the  conductivity  of  typical  ferrite. 
The  propagation  distance  of  the  peak  current 

modulation  corresponds  to  the  tube  length  of  Zj^  =  10  cm 
for  CD  =  10  Ghz.  These  parameters  are  easily  attainable  in 
the  present  experimental  conditions.  There  is  a  broad 
range  of  system  parameters  which  the  present  technology 
allows.  Obviously,  the  resistive-wall  klystron  has  great 
potential  for  a  high-power  high-frequency  microwave 
device. 
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Operating  Conditions  of  High-Power  Relativistic  Edystron 

Han  S.  Uhm,  Naval  Surface  Warfare  Center,  Silver  Spring,  MD  20903-5640 


An  electron  beam  pre-modulated  at  the  first  cavity  in  a 
klystron  enters  the  second  cavity  opening,  exciting  it.  Induced 
voltage  at  the  second  cavity  in  a  high-power  klystron  forms  a 
virtual  cathode  momentarily,  sending  back  a  part  of  the  beam 
toward  the  first  cavity.  The  relationship  between  the  induced 
voltage  and  the  return  current  at  the  first  cavity  is  investigated. 
The  boundary  between  the  amplifier  and  oscillator  operation 
regions  is  described  in  the  parameter  space  defined  by  the  return 
current  strength  and  inter-cavity  distance. 

L  INTRODUCTION 

There  is  a  growing  body  of  literature  on  theoretical  and 
experimental  studies  of  relativistic  klystron  amplifiers  driven  by 
modulated  intense  relativistic  electron  beams.  The  relativistic 
klystron  amplifier  (RKA)  exploits  the  strong  self-electric  field, 
which  effectively  modulates  the  beam  current,  thereby  enhancing 
electron  bunching  and  amplifier  efficiency.  The  frequency  and 
efficiency  of  the  current  modulation  in  a  RKA  are  monochromatic 
and  almost  100  percent  in  appropriate  system  parameters.  One  of 
the  main  issues  in  present  RKA  development  is  the  enhancement 
of  power  and  ft-equency  simultaneously.  The  size  and  opening  of 
the  cavities  in  RKA  should  be  reduced,  to  increase  the  excitation 
frequency.  Therefore,  a  high-power  high-frequency  klystron 
amplifier  has  inherent  problems  due  to  reduced  cavity  size, 
including  electron  emission  and  ac  beam  loading  at  cavity  gap 
opening.  However,  if  the  induced  voltage  at  the  second  cavity  is 
high  enough,  it  forms  a  virtual  cathode  and  reflects  part  of  the 
electron  beam  back  to  the  first  cavity.  The  return  beam  from  the 
second  cavity  enters  the  first  cavity  opening  and  excites  it  further 
if  the  return  current  modulation  is  in  phase  with  first  cavity 
excitation.  The  in-phase  return-current  modulation  may  reduce  the 
ac  beam  loading  at  the  first  cavity,  significantly  improving  the 
klystron  performance.  As  a  proof-of-principle  experiment,  Serlin 
and  Friedman^  built  the  two-beam  klystron,  where  two  annular 
electron  beams  propagate  through  a  grounded  tube.  These  beams 
are  pre-modulated  at  the  first  cavity  by  input  microwaves. 
Because  the  inner  beam  energy  is  considerably  less  than  the  outer 
beam  energy,  part  of  the  inner  beam  is  reflected  by  the  virtual 
cathode  formed  at  the  second  cavity  and  further  excites  the  first 
cavity.  Significant  improvement  of  the  current  modulation  has 
been  reported  from  this  experiment.*  A  theory  describing  the 
relationship  between  the  induced  voltage  and  the  modulated  return 
current  at  the  first  cavity  opening  is  developed.  Boundaries 
defining  the  eunplifier  and  oscillator  operation  regions  are  also 
described  in  terms  of  the  normalized  return-current  strength  h  and 
the  inter-cavity  distance  represented  by  the  phase  angle  a. 
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11.  TWO  BEAM  KLYSTRON 


High-level  stable  excitation  of  the  first  cavity  is  very 
in^ortant  for  current  modulation  in  a  high-performance  klystron. 
The  first  cavity  is  excited  first  by  external  input  microwaves, 
which  have  enough  pulse  length,  saturating  the  induced  voltage  to 
the  steady-state  value  Sometime  during  this  microwave  pulse, 
the  electron  beam  is  allowed  to  enter  the  klystron.  The 
relationship  between  the  induced  voltage  and  the  ac  return  current 
in  the  first  cavity  opening  can  be  found  from  an  equivalent  circuit 
representation  of  the  cavity  impedance  Lj,  Q  and  ^  .  The 
inductance  L  and  capacitance  ^  are  related  to  the  resonance 
frequency  o)j  of  the  cavity  by  Wi  =  (LiCi)'*'^  and  the  cavity  Q-value 
is  related  to  the  resistance  R^  of  the  equivalent  circuit  by  Q  = 
(oRjC,  (Ref.2).  The  resonance  ft-equency  (j\  of  the  first  cavity  is 
assumed  to  be  in  resonance  with  the  input  microwave  frequency  o), 
i.e.,  (Oi  =  (0.  The  intensity  of  the  return  current  is  unknown. 
However,  the  level  of  the  return  current  modulation  increases  as 
amplitude  4>2  of  the  induced  gap  voltage  at  the  second  cavity 
increases.  Note  that  the  amplitude  ^2  is  proportional  to  the 
amplitude  (|)  of  the  induced  voltage  at  the  first  cavity.^  In  this 
regard,  we  assume  that  the  return  current  modulation  is 
proportional  to  the  amplitude  <}>  of  the  induced  voltage  at  the  first 
cavity. 

Collecting  all  terms  together,  the  induced  gap  voltage 
V i(t)  at  the  first  cavity  can  be  calculated  from^ 


^  1 
dx^  0i 


dVj^ 

dx 


1  ^  • 
— 0^sin: 


(1) 


+  ix)  sin  [x-W  {x)  +a]  , 


where  f^  represents  the  intensity  of  the  return  current  and  other 
coupling  mechanisms,  the  variable  x  is  the  normalized  time 
defined  by  x  =  cot,  and  the  phase  angle  a  is  related  to  the  inter¬ 
cavity  distance  L  by 


a  =  {  Jl  + Jl)  -  Y 


(2) 


In  Eq.  (2),  pjC  and  (3^c  represent  velocities  of  the  forward  and 
backward  beams,  Yj  is  the  phase  shift  of  the  induced  voltage  at  the 
second  cavity  relative  to  the  forward  current  modulation,  and  Y3 
is  the  phase  shift  of  the  return  current  due  to  reflection  at  the 
virtual  cathode.  In  Eq.  (2),  the  term  proportional  to  (}>^  represents 
the  contribution  from  the  input  microwaves  and  the  term 
proportional  to  4  originates  from  the  incoming  return  current.  In 
obtaining  Eq.  (2),  we  have  assumed  that  the  induced  gap  voltage 
Vj(t)  is  expressed  as 

V^{t)  =  (p{x)  sin[x-^  (x)  ]  ,  (3) 
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where  4)(x)  and  Y(x)  are  amplitude  and  phase  shift,  respectively, 
of  the  induced  voltage  at  the  first  cavity.  They  are  slowly  varying 
functions  of  time  x.  We  assume  that  the  input  microwaves  and 
modulated  return  current  drive  the  excitation  of  the  first  cavity, 
which  accommodates  the  driving  signals  by  changing  its  amplitude 
and  phase.  Thus,  selecting  the  time  frame  in  which  the  phase  is  a 
non-zero  value  of  T(x)  as  shown  in  Eq.  (3)  is  quite  appropriate  in 
the  subsequent  theoretical  analysis. 

Substituting  Eq.  (3)  into  Eq.  (1),  and  defining  the 
normalized  amplitude  Y  and  normalized  time  y  by 

=  $(y)/ct>j^/  y  =  x/2£>^  =  cot,  (4) 


we  find  the  equations  which  govern  the  phase  T  and  amplitude  Y. 
They  are 


dy 


cos? 


+  hCOSOL 


(5) 


and 


—  +  (1  -hsina)  Y  =  sin?, 
dy 


(6) 


shift.  It  is  important  to  find  in  what  parameter  regime  the  steady- 
state  value  X  is  larger  than  unity.  The  modulated  return  current 
amplifies  the  induced  voltage  only  in  this  parameter  regime. 
Otherwise,  the  return  current  dampens  the  induced  voltage.  To 
find  boundary  of  the  amplifying  region,  we  substitute  %  =  1  into 
Eq.  (7)  and  obtain 

cos?^  +  hcosa  =  0, 

(8) 

sin?^  +  hsina  =  1. 

We  remind  the  reader  that  the  phase  shift  satisfies  sinY  ^  >  0  for 
X  >  0.  After  a  straightforward  algebraic  manipulation,  Eq.  (8)  is 
expressed  as  h  =  2sina  for  0  <  a  <  it.  Note  that  the  value  of  the 
parameter  h  in  Eq.  (8)  at  a  =  71/4  or  at  a  =  37t/4  is  2^^^.  The  curves 
obtained  fi*om  h  =  2sina  represent  the  boundary  of  the  amplifying 
region  in  the  (a,h)  parameter  space.  For  a  specified  value  of  the 
normalized  return-current  strength  h,  the  amplifying  region  is 
defined  by 

h  h 

sin"^  ( )  <  a  <  n  -  sin'^  *  '  ( 9 ) 

A  A 


where  the  normalized  return-current  strength  h  is  defined  by  h  = 
^Qi.  Although  the  parameter  f^  is  a  small  number,  the  normalized 
return-current  strength  h  can  easily  be  on  the  order  of  unity 
because  of  a  large  cavity-Q  value.  Brfore  solving  Eqs.  (5)  and  (6), 
we  assume  the  initial  condition  that  at  time  y  =  0,  the  electron 
beams  enter  the  system,  thereby  turning  on  the  terms  proportional 
to  h  in  Eqs.  (5)  and  (6).  Otherwise,  the  cavity  is  saturated  by  the 
microwave  input  at  y  <  0  and  the  initial  conditions  for  the  phase 
and  amplitude  are  given  by  cos[Y(0)]  =  0  and  Y(0)  =  sin[¥(0)] 
at  y = 0.  These  conditions  are  equivalently  expressed  as  Y  =  tt/2 
and  Y  =  1  at  y  =  0.  After  a  careful  examination  of  Eqs.  (5)  and  (6), 
we  note  the  functional  properties  of  Y(TT-a)  =  Y(a)  and  Y(7T-a)  = 
TT  -  Y(a).  Therefore,  the  an?>litude  Y  and  phase  shift  Y  for  a  =  tt- 
tti  can  be  expressed  by  those  for  a  =  a^. 

The  homogeneous  solution  Y^  to  Eq.  (6)  increases 
exponentially,  provided  hsina  >  1,  which  is  called  the  self¬ 
excitation.  On  the  other  hand,  when  the  phase  angle  a  satisfies 
hsina  <  1,  the  solution  Y  to  Eq.  (6)  is  bounded  and  the  klystron  is 
the  amplifier  operation  region.  The  boundary  between  the 
amplifier  and  oscillator  regions  in  the  (a,h)  parameter  space  can 
be  illustrated  and  the  border  line  is  obtained  from  hsina  =  1, 

Amplifier  Operation:  In  the  amplifier  operation  region 
characterized  by  hsina  <  1 ,  the  solution  Y  to  Eq.  (6)  is  bounded, 
and  the  steady-state  values  of  the  amplitude  Y  and  phase  Y 
induced  at  the  first  cavity  opening  are  determined  by  dP/dy  = 
dY/dy  =  0  at  the  time  y  =  oo.  Thus,  after  a  straightforward 
calculation,  we  obtain 

cos?^  +  xhcosa  =  0, 

(7) 

sin?^  +  X-bsina  =  X/ 

for  amplifier  operation  from  Eqs.  (5)  and  (6).  In  Eq.  (7),  %  = 
(j)i/(j)^  and  Yi  are  steady-state  values  of  the  amphtude  and  phase 


where  h  is  less  than  2^^^.  To  investigate  transient  behavior  of  the 
induced  voltage  V|(t),  we  solve  the  coupled  differential  equations 
(5)  and  (6)  numerically.  As  expected,  we  find  from  the  numerical 
calculation  that  the  amplitude  Y  and  phase  shift  Y  approach  their 
steady-state  values  as  time  goes  by.  The  closer  the  steady- state 
am|iitude  to  unity,  the  quicker  the  transient  behavior  dies  out.  In 
the  limit  of  the  anglea  =  nil,  we  note  dY/dy  =  0  from  Eq.  (5),  and 
Eq.  (6)  is  simplified  to 

a.-|.  ,10) 

Solution  to  Eq.  (10)  is  given  by 

Y  =  -hexp[-  (1  -  h)  y]},  (11) 

1  -h 

which  eventually  saturates  to  Y  =  %  =  l/(l-h).  The  maximum 
amplification  of  l/(l-h)  occurs  ata  =  7i/2,  which  is  called  the  in- 
phase  condition.  The  steady-state  amplitude  ata  =  nil  increases 
to  infinity  as  the  strength  h  approaches  unity.  This  observation 
may  mislead  the  outcome  of  practical  present  experiments.  When 
h-  1,  Eq,  (1 1)  is  further  simplified  to  Y  =  1  +  y,  which  increases 
linearly  in  time.  Therefore,  amplification  fora  =  nil  and  h  =  1  is 
limited  by  the  electron  beam  pulse.  In  the  out-of-phase  case 
characterized  by  a  =  -nil,  the  solution  to  Eq.  (6)  is  given  by 

+hexp[- (1 +h)  y]},  (12) 

1  +h 

where  the  return  current  dampens  significantly  the  gap  voltage 
induced  by  the  microwaves. 

Oscillator  Operation:  It  is  pointed  out  that  Eq.  (1)  for  the 
induced  gap  voltage  at  the  first  cavity  is  a  linear  equation,  which 
is  an  excellent  representation  for  an  amplifier  operation.  However, 
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mentioned  earlier,  the  amplitude  Y  in  Eq.  (6)  increases 
exponentially  in  the  oscillator  operation  region  satisfying  hsina  > 
L  In  reality,  the  term  proportional  to  the  parameter  ^  inEq.  (1), 
which  represents  the  modulated  return  current,  may  stop  to  grow 
as  the  amplitude  (j>  approaches  saturation.  For  example,  the 
location  at  which  the  maximum  current  modulation  of  the  forward 
beam  occurs,  starts  to  shift  toward  the  first  cavity  from  the  second 
cavity  location,  if  the  amplitude  (|)  increases  significantly.^ 
Remember  that  the  second  cavity  location  was  initially  selected  for 
a  maximum  forward  current  modulation  of  moderate  amplitude  (}> . 
Once  the  maximum  modulation  location  starts  to  shift,  the  term 
proportional  to  ^  in  Eq.  (1)  does  not  increase  linearly  with  (j); 
instead,  it  may  start  to  saturate.  We  also  observe  that  the 
modulated  return  current  originates  from  reflection  at  the  second 
cavity.  As  long  as  the  return  current  is  much  less  than  the  forward 
beam  current,  it  may  be  proportional  to  the  excitation  level  of  the 
second  cavity,  which  is  also  proportional  to  the  first  cavity 
excitation.  This  assures  linearity  inEq.  (1).  If  the  return  current 
is  a  substantial  fraction  of  the  forward  current,  due  to  lack  of  a 
sufficient  amount  of  the  forward  current,  it  may  start  to  saturate  as 
the  cavity  excitation  increases.  There  may  be  other  saturation 
mechanisms  for  the  modulated  return  current  as  the  amplitude  (j> 
of  the  induced  voltage  grows.  In  this  regard,  Eqs.  (5)  and  (6)  for 
the  oscillator  operation  are  modified  to 


^  cos¥ 
dy  y 


+  h  (1  ~eY^)  cosa, 


~  -  [h{l  -eY^)  sina-1]  Y  =  sin 


(13) 


where  the  nonlinear  saturation  coefficient  e  is  much  less  than  unity 
in  a  typical  klystron.  Equation  (13)  is  a  typical  van  der  Pol 
equation  for  a  forced  oscillator.  Obviously,  the  terms  proportional 
to  eY^  in  Eq.  (13)  provide  a  saturation  of  the  amplitude.  The 
normalized  saturation  amplitude  Y^  is  obtained  from  Eq.  (13)  and 
is  given  by 


N 


hsina-l 

ehsina 


(14) 


in  terms  of  the  phase  angle  a  and  the  cavity  Q- value.  The  in- 
phase  condition  of  a  =  (0.5  -  2n)TC,  at  which  the  modulated  return 
current  is  in  phase  with  the  first  cavity  excitation,  can  be  expressed 
in  teims  of  the  inter-cavity  distance  L,  once  the  phase  shiftsTj  and 
Y3  are  known.  Here,  n  is  an  integer.  When  segments  of  the 
forward  beam  arrive  on  the  second  cavity,  a  certain  limited  portion 
of  the  beam  wU  be  reflected  at  the  cavity.  The  phase  of  the  return 
current  may  be  very  close  to  the  phase  of  the  induced  voltage  at  the 
second  cavity.  We  thus  approximate  T3  =  nil.  According  to  a 
previous  study the  optimum  current  modulation  occurs  at  the 
phase  shift  satisfying  0  <  Y2  <  n/2.  We  assume  ^2  =  ^^4,  which 
is  the  value  corresponding  to  the  middle  in  the  allowable  range  of 
the  phase  ¥3.  The  error  associated  with  this  assumption  is  one- 
sixteenth  of  the  wavelength  or  less  in  the  klystron.  Substituting 
these  phase  shifts  into  Eq.  (2),  the  in-phase  condition  is  simplified 
to 


—  ( — 
~  h 


(16) 


The  second  cavity  should  be  located  where  the  forward  current  has 
a  maximum  modulation.  The  second  cavity  location  is  therefore 
determined  in  terms  of  the  beam  parameters  and  geometrical  factor 
G.  Maximum  modulation  location  is  given  by^ 


.2  2  nc 


Yi 

2vG' 


(17) 


where  =  (1-pi^)'^  and  v  is  Budker's  parameter  of  the  forward 
beam.  As  a  numerical  example,  we  consider  the  physical 
parameters  of  the  tworbeam  klystron  experiment  at  the  Naval 
Research  Laboratory.  The  theoretical  result  from  Eqs.  (16)  and 
(17)  predicts  the  optimum  inter-cavity  distance  L  =  14  cm,  which 
is  close  enough  to  the  experimental  observation  of  L  =  14.1  cm. 
We  also  observe  from  this  numerical  example  that  a  deviation  of 
about  13  percent  (AL  =  2  cm)  from  14  cm  results  in  a  significant 
reduction  of  the  current  modulation,  which  also  agrees  with  the 
experimental  observation. 


which  is  typically  much  larger  than  unity,  i.e.,  Y^  »  1.  As 
expected  from  Eq.  (11),  the  maximum  amplitude  of  the  induced 
voltage  appearing  on  the  first  cavity  occurs  at  the  in-phase  angle 
a  -  nl2  for  either  the  amplifier  or  the  oscillator  operation. 

From  a  numerical  calculation  of  Eq.  (13),  we  find  that  the 
anplitude  Y  for  an  oscillator  grows  exponentially  at  the  beginning 
and  then  executes  a  small  oscillation  about  the  saturation  value  Y^ . 
Meanwhile,  the  phase  shift  Y  increases  almost  linearly  in  time. 
For  a  large-amplitude  operation  typical  of  the  klystron  oscillator, 
the  phase  shift  equation  is  approximated  by  dY/dy  =  cota  from  Eq. 
(13)  and  the  frequency  shift  at  the  saturation  is  expressed  as 

6co  =  cocota/2£>^.  (15) 
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Abstract 

Spurious  oscillations  in  high  power  klystrons  are  found  to  oc¬ 
cur  in  the  gun  region,  in  the  cavities  in  the  main  body  of  the 
tube,  or  in  the  drift  tunnel.  The  criteria  that  determine  whether  a 
mode  will  oscillate  is  that  its  beam  loading  be  negative,  and  that 
the  power  it  extracts  from  the  beam  exceeds  its  losses  to  exter¬ 
nal  loading  and  wall  dissipation.  Using  the  electromagnetic  and 
particle-in-cell  modules  of  MAFIA,  we  have  devised  numerical 
techniques  with  which  the  quality  factors  Qb,  Qe  a^id  Qo  can 
be  evaluated  and  compared.  Simulations  involving  a  gun  oscil¬ 
lation  observed  in  the  SLAC/DES  Y  S-Band  klystron  will  be  re¬ 
ported. 

L  INTRODUCTION 

Oscillations  at  frequencies  other  than  the  operating  frequency 
are  not  uncommon  in  high  power  klystrons.  The  unwanted  sig¬ 
nals  have  been  detected  in  the  pulse  transformer  tank  in  the  gun 
region,  and  also  in  the  input  and  output  RF  couplers.  They  oc¬ 
cur  without  the  RF  drive  signal,  and  have  the  signature  of  high- 
Q  resonances  in  that  their  frequencies  are  not  affected  by  vari¬ 
ation  in  operating  parameters,  such  as  the  focussing  magnetic 
field.  S-Band  klystrons  built  at  SLAC  have  experienced  oscilla¬ 
tions  in  the  gun  diode  [1]),  in  the  drift  tunnel  [2],  and  also  in  an 
output  circuit  of  the  double-gap  type  [3]. 

Spurious  oscillations  are  undesirable  since  the  electron  beam 
couples  to  these  modes  as  well  as  the  desired  signal  frequency.  If 
the  amplitude  of  the  spurious  oscillation  becomes  very  large  the 
performance  of  the  tube  can  be  compromised.  The  main  output 
signal  may  suffer  from  amplitude  and  phase  instability  which 
results  in  pulse  shortening  or  decrease  in  efficiency.  Thus,  spu¬ 
rious  oscillations  can  be  a  serious  factor  in  limiting  a  klystron 
from  reaching  its  designed  performance  if  left  unsuppressed. 
The  identification  and  analysis  of  spurious  modes  are  not  easy 
to  accomplish  experimentally  because  the  diagnostics  are  not  set 
up  to  monitor  such  signals.  Numerical  modeling  has  proved  to 
be  valuable  in  microwave  design  and  this  paper  describes  the  an¬ 
alytical  efforts  to  address  the  spurious  mode  issue  by  computer 
simulation. 

IL  COMPUTER  ANALYSIS 

The  ability  of  modem  electromagnetic  codes  to  study  RF 
modes  in  complex  geometries,  both  in  2  and  3D,  has  enabled 
the  klystron  designer  to  identify  spurious  modes  once  their  fre¬ 
quencies  are  known  from  measurements.  Guided  by  the  numer¬ 
ical  solutions,  he  can  then  devise  a  method  of  suppression  to  be 
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incorporated  into  the  next  prototype.  Ideally,  it  would  be  more 
cost-effective  to  catch  potentially  unstable  modes  in  the  design 
stage  before  fabrication  and  testing  take  place,  thereby  reducing 
the  number  of  prototypes  to  be  built.  But  this  would  require  a 
complete  analysis  of  the  numerous  modes  that  a  klystron  circuit 
can  support,  which  is  a  nontrivial  task.  The  analysis  would  have 
to  include  not  only  the  vacuum  RF  properties,  but  also  the  mode 
interaction  with  the  electron  beam  under  a  range  of  operating 
conditions,  in  order  to  determine  if  any  of  them  is  unstable  or 
not. 

Beam-field  interaction  can  be  modeled  by  the  Particle-In-Cell 
(PIC)  method,  and  2D  PIC  codes  such  as  CONDOR  have  been 
used  quite  routinely  in  klystron  tube  design  to  optimize  the  ex¬ 
traction  of  power  from  the  beam  [4].  In  this  application,  one 
is  concerned  only  with  the  main  signal  which  is  an  axisymmet- 
ric  mode  so  that,  except  for  the  input  and  output  RF  couplers,  a 
2D(r,  z)  geometry  suffices.  Spurious  oscillations,  on  the  other 
hand,  are  not  limited  to  monopole  modes,  but  have  been  ob¬ 
served  to  be  dipole  modes  as  well.  Furthermore,  external  load¬ 
ing  by  coupling  waveguides  now  plays  an  important  role.  PIC 
modules  are  available  in  3D  codes  such  as  MAFIA,  but  their 
usuage  in  klystron  design  has  been  restricted,  largely  because  of 
the  substantial  computer  resources  such  simulations  demand.  In 
this  work,  we  will  deal  with  a  spurious  mode  that  is  axisymmet- 
ric  so  that  only  2D  calculations  are  required.  We  first  formulate 
the  criteria  that  determine  oscillation  in  a  way  that  is  computa¬ 
tionally  efficient.  Instead  of  treating  the  problem  in  one  simula¬ 
tion,  we  consider  separately  three  competing  effects:  beam-field 
interation,  external  loading  and  wall  dissipation.  We  use  the 
electromagnetic/PIC  modules  of  MAFIA  [5]  to  analyse  a  gun 
oscillation  problem  and  demonstrate  the  method  with  which  to 
evaluate  each  effect.  We  next  present  the  numerical  results  and 
discuss  the  efficacy  of  the  approach. 

III.  CRITERIA  FOR  OSCILLATION 

There  are  two  criteria  that  determine  whether  a  mode  can  be 
driven  to  oscillate  by  a  beam.  The  first  and  necessary  condition 
is  that  the  beam  tranfers  power  to  the  mode.  The  second  condi¬ 
tion  is  that  the  power  lost  by  the  mode  to  external  loading  and 
wall  dissipation  is  less  than  the  power  obtained  from  the  beam. 
As  a  result,  there  is  a  net  gain  in  mode  energy  and  the  oscil¬ 
lation  grows.  Computationally,  it  is  prohibitively  expensive  to 
model  this  power  balance  process.  To  begin  with,  one  needs  a 
disproportionately  small  grid  step  to  resolve  the  skin  depth  due 
to  finite  wall  conductivity.  It  also  takes  an  unrealistic  number  of 
particles  to  maintain  an  electron  beam  flow  over  the  long  growth 
time  of  the  instability. 

Alternatively,  one  argues  that  up  to  the  instability  threshold 
each  power  transfer  acts  independently,  so  therefore  they  can  be 
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treated  separately.  We  define  the  total  quality  factor  Qtot  of  a 
mode  as: 

l/Qtot  =  l/Qo  +  l/Qe  +  l/Qb.  (1) 

where  Qo,  Qe  and  are  the  wall  loss  Q,  the  external  Q  and 

the  beam  —  loaded  Q  respectively.  If  we  express  Q  as 

Q  =  uU/P,  (2) 

where  uj  is  the  angular  frequency  of  the  mode,  U  is  the  time- 
averaged  stored  energy  and  P  is  the  power  transferred,  then  Eq. 
(1)  describes  the  power  exchange  between  the  mode  and  the 
beam,  and  the  power  loss  by  the  mode  to  the  circuit  environ¬ 
ment.  If  we  take  power  gain  as  negative,  it  follows  from  Eq.  (1) 
that  the  oscillation  criterion  is 

Qtot  <  0.  (3) 

Since  Qo  and  Qe  are  always  positive,  then  the  sign  and  value 
of  Qi,  will  determine  unstable  resonant  modes.  A  necessary  step 
before  one  can  calculate  the  quality  factors  is  the  identification 
of  the  spurious  mode,  and  this  we  will  take  up  next. 

IV.  MODE  IDENTIFICATION 

One  outstanding  feature  of  spurious  modes  is  their  localiza¬ 
tion  within  some  region  of  the  klystron  to  form  a  resonant  cir¬ 
cuit.  The  most  efficient  way  to  search  for  resonances  is  with 
eigenmode  solvers.  Among  the  many  solutions  such  solvers 
generate,  one  looks  for  modes  in  the  proper  frequency  range 
that  have  diminishing  fields  towards  the  enclosing  boundaries. 
Non-localized  modes  will  form  standing  waves  between  op¬ 
posing  boundaries  while  localized  modes  will  have  exponen¬ 
tially  decaying  fields.  A  direct  consequence  is  that  localized 
modes  will  experience  relatively  small  frequency  shifts  when 
different  field  conditions  {electric  wall  :  Etangentiai  =  0  or 
magnetic  wall  :  Btangentiai  =  0)  are  imposed  at  the  bound¬ 
aries. 

During  the  testing  of  the  150  MW  S-band  klystron  that  SLAC 
is  building  for  DESY,  a  gun  oscillation  was  discovered  when  a 
stable  1 .365  GHz  signal  was  detected  at  the  sight  window  of  the 
pulse  transformer  tank  [1]  (with  no  RF  signal  applied).  Fig.  1 
shows  a  MAFIA  calculation  of  a  mode  at  the  same  frequency 
that  is  localized  inside  the  focus  electrode.  A  small  gap  connects 
this  small  cavity  to  the  main  body  of  the  gun  diode.  By  compar¬ 
ison,  Fig.  2  shows  a  nearby  mode  at  1.277  GHz  that  occupies 
the  entire  diode.  Changing  the  top  boundary  from  an  electric  to 
a  magnetic  wall  results  in  a  frequency  shift  and  a  different  mode 
pattern  for  this  mode.  In  contrast,  the  localized  mode  is  rela¬ 
tively  unchanged,  indicating  the  presence  of  a  high-Q  resonant 
structure.  We  conclude  that  it  is  a  likely  candidate  responsible 
for  the  spurious  oscillation  and  proceed  to  determine  its  Q  fac¬ 
tors. 

V.  Q  DETERMINATION 

Wall  Loss-Qo 

Once  a  likely  resonant  mode  is  indentified  from  the  eigen¬ 
mode  spectrum,  it  is  straightforward  to  calculate  its  Qo  by 


Figure  1.  1.365  GHz  mode  in  the  SLAC/DESY  gun  diode. 


Figure  2,  1,277  GHz  mode  in  the  same  geometry. 


standard  perturbation  method.  Most  field  solvers,  including 
MAFIA,  provide  this  result  automatically  via  postprocessing. 
The  time-average  power  absorbed  per  unit  area  at  the  wall  is 
given  by 

liOj5\Htangential\  /4,  (4) 

where  5  is  the  skip  depth  (2/ and  k  the  finite  conduc¬ 
tivity  of  the  wall  material.  From  (2),  then 

Qo  =  wUlP^,  (5) 

where  P^j  is  the  integral  of  Eq.  (4)  over  the  wall  surface.  Qo  due 
to  copper  loss  typically  ranges  from  several  to  tens  of  thousands 
at  RF  frequencies,  and  is  not  a  major  factor  in  determining  Qt* 
However,  in  situations  where  external  loading  is  ineffective  or 
not  applicable,  lossy  wall  material  (e.g.  stainless  steel)  is  some¬ 
times  introduced  in  areas  of  high  surface  currents  to  provide  ad¬ 
ditional  Ohmic  loss  for  mode  suppression. 

External  Loading-Qe 

Of  the  various  methods  to  determine  the  external  Q  of  a  mode, 
we  will  choose  the  one  which  is  the  most  direct.  We  load  the 
eigenmode  from  the  previous  calculation  as  the  initial  condi¬ 
tions  to  a  time-domain  simulation.  As  opposed  to  the  eigenmode 
analysis  which  assumes  a  closed  cavity,  power  flow  across  the 
boundaries  are  now  permissable  via  ports  that  are  terminated  in 
matched  loads.  In  the  gun-diode  of  Fig.  1,  one  port  is  the  outer 
boundary  of  the  pulse  tranformer  tank  at  top  left,  while  the  other 
is  at  the  entry  into  the  drift  tunnel  to  the  bottom  right.  With  the 
ports  open,  the  initially  confined  electromagnetic  fields  can  ra¬ 
diate  through  these  apertures  and  decay.  After  the  initial  tran¬ 
sient  has  subsided,  one  can  calculate  the  decay  time  constant  Tq 
from  the  field  values  at  successive  time  intervals.  The  external 
loading  effect  is  then  determined  directly  from  the  relation 

Qe-WTel^l.  (6) 

Beam  Loading-Q^ 

The  beam  loading  of  a  mode  comes  about  because  the  mode 
induces  bunching  in  the  beam  which  then  interacts  with  the 
mode  field  to  produce  energy  exchange.  In  the  absence  of  losses. 
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we  can  use  energy  conservation  and  equate  the  rate  of  change 
of  stored  energy  to  the  power  transfer  between  the  mode  and 
the  beam.  We  arrive  at  an  expression  for  (56  similar  to  Eq.  (2), 
namely, 

q6  ^  (7) 

The  time-average  power  flow  Pb  is  given  by  the  integral  over 
the  beam  volume 

t+T 

J  J  f^-ElndVdt  (8) 

t  V 

where  Jm  is  the  induced  current  density,  Em  is  the  electric  field 
of  the  mode,  and  T  its  period.  The  facility  to  evaluate  Pb  is  cur¬ 
rently  under  construction  in  MAFIA,  but  we  can  alternatively 
find  Qb  from  the  time  constant  the  same  way  it  is  done  in  deter¬ 
mining  Qe. 

VI.  GUN  OSCILLATION  SIMULATION 

As  noted  before,  the  computation  of  Qb  requires  a  full  PIC 
simulation  that  includes  relativistic  and  space  charge  effects  [6]. 
The  MAFIA  PIC  module  has  this  capability  so  we  use  it  to 
model  the  gun  oscillation  problem.  The  MAFIA  simulation  con¬ 
sists  of  a  dc  beam,  a  static  field  between  cathode  and  anode,  a 
focussing  magnetic  field  and  the  RF  mode  under  consideration. 
The  injection  parameters  for  the  beam  at  the  cathode  are  taken 
from  previous  EGUN  [7]  results,  while  the  MAFIA  static  mod¬ 
ule  provides  the  gradient  Eg  and  the  magnetic  field  Bq.  The  RF 
mode  Em  is  taken  from  the  eigenmode  calculation  as  before. 

Without  the  RF  mode,  the  PIC  module  essentially  reproduces 
the  beam  optics  results  from  EGUN.  The  RF  mode  is  then  added 
with  its  amplitude  scaled  to  a  small  fraction  of  the  static  field 
amplitude.  This  way  the  RF  mode  serves  as  a  test  field  that  mod¬ 
ulates  the  lowest  order  beam  equilibrium.  Fig.  3  shows  a  time 
snapshot  of  the  simulation.  The  beam  is  constituted  of  fifteen 
rays  and  the  field  ratio  used  is  Em /Eg  =0.1.  Note  that  the  gun 
diode  is  much  smaller  than  previously  considered.  We  provide 
the  justification  for  the  reduced  geometry  below. 

In  the  absence  of  external  loading  and  wall  loss,  the  RF  mode 
is  basically  a  standing  wave  resonance.  A  resonant  circuit  is  es¬ 
sentially  unchanged  if  shorted  properly  at  one  of  its  node  points. 
The  region  from  the  focus  electrode  to  the  pulse  transformer 
tank  does  not  play  a  part  in  beam-loading  except  for  the  energy 
stored  there.  Fig.  3  shows  the  placement  of  a  shorting  plane 
which  removes  this  part  of  the  circuit  but  leaves  the  frequency 
and  field  pattern  of  the  RF  mode  unchanged.  The  geometry  is 
now  smaller,  and  because  the  total  stored  energy  is  less,  any  time 
constant  related  to  it  also  is  faster,  both  of  which  is  good  for  sim¬ 
ulation.  However,  one  needs  to  scale  by  the  proper  ratio  of  the 
stored  energy  in  the  full  geometry  to  that  in  the  reduced  one  to 
obtain  the  physically  correct  values. 

VIL  NUMERICAL  RESULTS 

The  calculations  from  the  previous  sections  on  the  localised 
1.365  GHz  mode  are  summarized  in  Table  1.  For  comparison, 
the  results  on  the  1.277  GHz  mode  are  also  given.  As  expected, 
the  (5o’s  do  not  play  a  role.  The  1.277  GHz  signal  has  negative 


Figure  3.  Reduced  geometry  for  the  PIC  simulation. 


beam  loading,  but  is  negligible  when  compared  with  the  heavy 
external  loading,  so  the  net  result  for  Qtot  is  positive.  On  the 
other  hand,  the  1.365  GHz  signal  couples  so  weakly  to  external 
loads  that  the  stronger  negative  beam  loading  leads  to  a  nega¬ 
tive  Qtot^  and  results  in  oscillation.  After  the  gap  at  the  focus 
electrode  in  the  SLAC/DES Y  klystron  gun  was  shorted  to  elim¬ 
inate  the  1.365  GHz  unstable  mode,  the  klystron  was  processed 
up  to  full  power  without  experiencing  the  previously  observed 
gun  oscillation. 


Frequency 

[GHz] 

Qo 

Qe 

Qb 

Qtot 

1.277 

25500 

45 

-1340 

46 

1.365 

13300 

5000 

-728 

-910 

Table  1.  Calculated  Q's  for  the  1.365  and  1.277  GHz  signal. 
VIIL  SUMMARY 

We  have  presented  an  analytical  method  to  study  spurious  os¬ 
cillation  by  computer  simulation,  and  have  applied  it  to  a  gun 
oscillation  problem  with  encouraging  results.  Further  general¬ 
ization  of  this  approach  to  other  klystron  oscillations,  including 
those  in  which  ZD  effects  can  be  important,  is  being  considered. 
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Duke  University,  Free  Electron  Laser  Laboratory 
Box  90319  Durham,  NC  27708-0319 


Abstract 

This  paper  documents  the  repair  and  reconditioning  of  an  ITT 
2960  klystron  that  had  been  at  atmospheric  pressure  for  eight 
months  due  to  a  leak  in  the  compression  seal  for  the  waveguide 
window.  All  work  was  done  in  the  Duke  PEL  Vacuum  Shop  by 
laboratory  staff  without  any  external  purchases.  The  recondi¬ 
tioned  klystron  is  currently  being  operated  at  full  power  on  the 
injection  linac  for  the  electron  storage  ring  at  Duke. 

1  Introduction 

With  the  passage  of  time  since  this  abstract  was  first  submitted, 
the  Duke  PEL  Lab  has  refurbished  and  put  into  service  a  second 
30  Megawatt  ITT  2960  klystron.  These  tubes  had  never  been 
operated  and  developed  vacuum  leaks.  The  leaks  occurred  dur¬ 
ing  shipping  from  Stanford  to  Duke  or  during  storage  at  Duke 
while  facilities  were  being  constructed.  The  tubes  were  sent 
back  to  ITT  for  repair  evaluation.  The  total  repair  cost  being 
$37,000.  Since  the  tubes  have  barium  dispenser  cathodes,  rather 
than  coated  oxide  cathodes,  it  was  felt  that  the  cathodes  could  be 
successfully  reactivated  once  the  vacuum  problems  were  solved. 
See  [1]  for  a  thorough  description  of  microwave  tubes  and  their 
cathodes. 

The  repair  process  can  be  summarized  as  follows: 

•  Build  the  necessary  support  stands  and  fixtures. 

•  Connect  vacuum  hardware  to  support  leak  detection  and 
bake-out. 

•  Leak  detection. 

•  Repair  or  isolation  of  leak. 

•  Bake-out. 

•  Reactivation  of  cathode. 

•  Low-level  perveance  test. 

•  High-power  testing. 

The  repair  of  the  first  tube(ITT  serial  number  40 1 6)  was  started 
on  14  April  1994,  with  completion  of  high-power  testing  on 
14  July  1994.  Repair  of  the  second  tube(ITT  serial  number 
4011)  was  begun  in  September  1994,  with  high-power  testing 
completed  on  28  February  1995.  Both  tubes  are  currently  being 

•  Supported  by  the  U.S.  Air  Force  Office  of  Scientific  Research,  contract 
F49620-93- 1-0590  and  the  U.S.  Army  Space  &  Strategic  Defense  Command, 
contract  DASG60-89-C-0028. 


operated  in  excess  of  30  Megawatts  on  the  injection  linac  for  the 
storage  ring  [2,  3], 

2  Construction  of  Mechanical  Support 
Fixtures 

The  first  task  was  to  build  a  mobile  stand(similar  to  an  engine 
stand)  to  support  the  tube  while  it  was  being  repaired.  Upon 
return  from  ITT,  the  pinch  off  port  on  the  output  waveguide  of  the 
klystron  had  been  ground  off,  A  convoluted  bellows  with  a  2.75” 
con-flat  flange  was  welded  to  the  ground  off  port.  Brackets  were 
made  from  1/8”  aluminum  plate  to  support  a  20  1/s  ion  pump, 
bakeable  valve  and  bellows.  The  brackets  were  fastened  to  a 
protrusion  on  the  side  of  the  klystron  collector.  This  protrusion 
was  originally  used  for  mounting  a  bracket  to  support  a  C-magnet 
for  the  OEM  8 1/s  ion  pump.  These  components  are  displayed  in 
figure  1. 

3  Pump-Down,  Leak-Check  and  Bake- 
out  Preparation 

Leak-checks  were  performed  with  helium  and  a  mass  spectrom¬ 
eter  leak  detector.  The  first  tube  worked  on  had  a  leak  around 
the  compression  seal  for  the  output  waveguide  window.  Our 
lab  doesn’t  have  the  necessary  rf-induction  hydrogen  furnace  for 
such  a  repair.  It  was  decided  to  leave  the  window  in  place  and 
add  a  waveguide  elbow,  with  a  factory  installed  window,  from 
our  inventory.  This  also  required  a  transition  piece  to  which  a 
10 1/s  ion  pump  was  attached. 

The  second  tube  had  a  leak  in  a  braze  joint  between  the  vacuum 
side  of  the  waveguide  and  the  OEM  81/s  ion  pump.  The  ion  pump 
and  the  leaky  braze  j  oint  were  removed  using  a  tubing  cutter.  A  2- 
1/8”  con-flat  flange  was  welded  to  the  remaining  stub  and  sealed 
with  a  blank  flange.  The  second  tube  did  not  require  the  addition 
of  a  second  waveguide  window. 

Once  the  leaks  were  repaired,  the  tubes  were  stripped  of 
all  ancillary  components  in  preparation  for  a  vacuum  bake-out. 
The  output  waveguide  above  the  rf  window  was  evacuated  and 
pumped  continuously  by  a  sieve  trapped  roughing  pump.  The 
collector  cooling  jacket  was  purged  with  Ni  at  very  low  flow. 
The  klystron  was  wrapped  with  heater  tapes  and  covered  with 
foil.  An  auxiliary  roughing  cart  was  attached  to  the  bakeable 
valve.  The  base  pressure  prior  to  bake-out  was  3  *  10“^torr  at 
the  20 1/s  pump  with  the  auxiliary  pump  cart  also  pumping. 
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6:  FORMED  BELLOWS 
7:  BAKEABLE  VALVE 
8:  AUXILLARY  PUMPOUT  FLANGE 
9: 1/8”  ALUMINUM  BRACKETS 
10:  VACUUM  VALVE 

Figure  1:  Mounting  of  Hardware  for  Klystron  Repair 


4  Bake-Out 


The  first  klystron  was  slowly  heated  over  a  period  of  10  days, 
reaching  a  peak  of  400°C  for  72  hours.  The  vacuum  was  kept 
below  10”^ ton*  during  bake-out.  The  temperature  was  lowered 
at  a  maximum  rate  of  l®C/min.  Two  days  after  bake-out  the 
pressure  was  2  *  10"^^torr  at  room  temperature. 

Due  to  faulty  heater  tapes,  the  second  tube  was  heated  for 
21  days  and  reached  a  peak  temperature  of  380°C  for  6  days. 
Following  bake-out  the  pressure  at  the  20  1/s  ion  pump  was  too 
high(5  *  10“^torr)  with  the  auxiliary  pump  cart  valve  closed. 
The  auxiliary  pump  cart  contains  a  residual  gas  analyzer(RGA). 
The  pump  cart  was  valved  in  and  the  klystron  was  helium  leak 
checked  using  the  RGA  as  a  detector.  A  leak  was  found  in  the 
ceramic  to  metal  braze  of  the  20 1/s  ion  pump  high  voltage  feed¬ 
through.  The  leak  was  sealed  with  Vac  Seal(a  silicone  resin). 


5  Reactivation  of  the  Cathode 

Following  bake-out  the  cathode  filament  was  slowly  powered  up 
while  monitoring  vacuum  pressure.  Pressure  was  maintained  in 
the  10“*^torr  range.  RGA  spectra  showed  H2  to  be  the  major  gas 
component.  To  assist  in  the  pumping  of  the  H2  a  Titanium  Subli¬ 
mation  Pump  on  the  pump  cart  was  activated  daily  for  1  minute. 
At  450W  of  cathode  filament  power,  it  has  taken  several  months 
for  the  pressure  to  come  down  into  the  10"^torr  range.  The  tube 
was  operated  at  full  power  in  this  condition  while  keeping  a  daily 
record  of  the  ion  pump  current. 

Once  the  cathode  filament  was  at  full  power,  a  low  level  per- 
veance  test  was  done  at  -500  volts.  The  /xperveance  was  found 
to  roll  off  at  2.0  for  a  filament  power  of  200W. 

At  this  point  the  tube  is  ready  for  reassembly  and  high-power 
testing. 

6  High-Povi^er  Testing 

For  high-power  testing  the  tubes  were  installed  in  300kV,  2/xsec. 
modulators.  First  the  ion  pumps  and  cathode  filaments  were 
restarted.  The  /xperveance  was  checked  and  plotted  against  fil¬ 
ament  power.  The  results  of  both  tubes  are  shown  in  figure  2. 
#40 1 6  is  the  first  tube  we  reconditioned  and  #40 1 1  was  done  sec¬ 
ond.  We  believe  that  much  of  the  offset  results  fi:om  differences 
in  measuring  devices  between  the  two  modulators.  Principally 
the  high  voltage  capacitive  dividers  and  the  calibration  of  the 
filament  power  supplies. 


Figure  2:  Micro-Perveance  vs.  Filament  Power 

It  took  the  better  part  of  a  day  to  get  the  tubes  up  to  300k V. 
The  tubes  were  operated  at  various  drive  voltages  and  the  input 
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power  was  increased  until  the  output  began  to  saturate.  Plots  of 
this  data  for  tube  #401 1  are  shown  in  figure  3. 

P(in),  W  P(out),  MW 


Figure  3:  Saturated  Input  and  Output  RF  Power  vs.  Klystron 
Beam  Voltage 

Finally  klystron  output  power  is  plotted  against  rf  input  power 
for  a  fixed  beam  voltage.  A  plot  from  the  data  for  tube  #40 1 1  is 
shown  in  figure  4. 


7  Conclusion 

The  repair  of  our  ITT  2960  klystrons  has  been  a  great  success. 
The  skills  that  were  gained  will  enhance  our  abilities  to  resurrect 
klystrons  used  in  old  accelerators  or  obtained  from  government 
surplus  lists.  Future  plans  include  the  repair  of  an  inoperable 
RCA  klystron.  The  plan  is  to  remove  the  oxide  cathode  and 
replace  it  with  a  new  dispenser  cathode.  If  successful,  we  should 
be  able  to  upgrade  the  cathodes  in  all  of  our  old  RCA  klystrons. 
These  tubes  can’t  provide  more  than  20  megawatts  of  power 
with  their  vintage  oxide  cathodes.  The  installation  of  dispenser 
cathodes  should  yield  30  megawatts  of  rf  power. 
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ABSTRACT 


The  high  power  CW  L-band  klystron  has  been  developed  as 
the  RF  source  of  the  PNC  high  power  CW  electron  linac 
(lOMeV,  100mA).  CW  power  of  1.2  MW  at  1.249135GHz  and 
efficiencies  over  65%  were  the  design  goals.  RF  analysis  of  the 
windows  using  high-frequency  simulation  codes  provided 
information  about  power  loss  distribution  in  the  ceramic  and 
optimizing  properties  of  the  RF  structure.  The  prototype 
klystron  window  was  replaced  with  a  long  pill-box  type  beryllia 
window  as  a  result  of  the  simulation  and  hardware  tests.  The 
klystron  has  reached  CW  power  of  885kW  with  efficiency  above 
45%.  This  paper  describes  key  points  of  the  designs  and  results 
of  the  high  power  RF  tests. 

L  INTRODUCTION 

The  development  of  a  high  power  CW  electron  linac  was 
started  in  1989  to  study  the  feasibility  of  nuclear  waste 
transmutation  [1].  Figure  1(a)  shows  the  prototype  klystron 
with  the  original  pill-box  type  beryllia  window  (standard 
window).  The  maximum  power  of  the  prototype  klystron  was 
limited  to  330  kW  with  CW  operation  because  the  temperature 
of  the  window  increased  by  53  degrees,  reaching  near  the  critical 
point  of  destruction  by  thermal  stress.  The  results  of  high 
power  tests  of  the  prototype  klystron  indicated  that  the 
maximum  RF  output  power  was  limited  by  the  heating  of  the 
klystron  RF  window.  A  long  pill-box  type  beryllia  window 
(long  window)  was  designed  and  measured  using  an  L-band 
resonant  ring  in  KEK  (National  Laboratory  for  High  Energy 
Physics)  [2].  The  transmission  RF  power  through  the  test 
window  in  the  resonant  ring  is  thirty-six  times  the  RF  input 
power.  Surface  temperature  changes  were  observed  in  the 
beryllia  disk  with  the  RF  window.  The  temperature  of  the 
window  increased  by  51  degrees  at  1.7  MW  CW  RF  power. 

The  standard  window  of  the  prototype  klystron  was  replaced 
with  the  long  window.  High  power  tests  were  carried  out  for  the 
klystron  with  the  long  window  (shown  in  Figure  1(b))  in  a 
factory  of  the  klystron’s  manufacturer. 


Figure  1.  (a)  Prototype  klystron  with  the  standard  window, 
(b)  Klystron  with  the  long  window 


MAFIA 


-  Figure  2.  Dimension  and  electric  field  of  the  long  window. 

t  Guest  Scientist  from  National  Laboratory  for  High  Energy 

Physics  (KEK) 
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11.  DEVELOPMENT  OF  AN  RF  WINDOW 

The  long  window  was  designed  for  decreasing  the  electric 
field  along  the  ceramic  disk.  Figure  2  shows  a  dimension  of  the 
long  window  and  electric  field  calculated  by  MAFIA.  The 
maximum  electric  field  in  the  standard  and  long  window  is 
shown  in  Figure  3.  The  dielectric  loss  of  long  window  is 
approximately  half  of  standard  one  from  the  result  of  the 
maximum  electric  field  on  the  ceramic  surface. 


Distance  From  Ceramics  Surface  (cm) 

Figure  3.  Maximum  electric  field  in  the  long  and  standard 
window. 


Figure  4.  Resonant  ring  experiment  of  the  long  window  and  the 
standard  window. 


The  electric  field  perpendicular  to  the  surface  of  the  disk  is 
lower  in  the  long  window,  which  prevents  multipactor  more 
than  the  standard  one. 

The  standard  and  long  window  were  evaluated  in  the 
resonant  ring  (shown  in  Figure  4).  Figure  5  shows  the 
dimension  of  the  tested  pill-box  windows.  The  light  emission 
from  the  ceramic  surface  was  observed  by  a  video  camera  and 
the  surface  temperature  measured  by  a  infrared-thermometer. 
Figure  6  shows  the  window  temperature  vs.  RF  power  of  the 
two  type  windows  tested  in  the  resonant  ring  and  of  the  standard 
window  of  the  prototype  klystron  and  the  long  window  of  the 
klystron  tested  in  a  factory  of  the  klystron’s  manufacturer. 


Test  window 

Standard 

Window 

Long 

Window 

Ceramics 

beryllia 

Total  length  of  |^li-box  L[mm] 

293.0 

595.0 

106 

402 

Inside  diameter  of  the  cylinder  0[mm] 

190.5 

Thickness  of  the  RF  window  disk  D[mm] 

6.6 

VSWR 

MAFIA  calculation 

1.039 

1.001 

Measurement 

1.04 

1.03 

Phase  length 

MAFIA  calculation 

2jt+g.8 

2JI+297.3 

Measurement 

2ir+9.7 

251+298.9 

Figure  5.  Dimension  of  the  tested  pill-box  windows. 


Figure  6.  Window  temperature  rise  vs.  RF  power. 
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The  standard  window  endured  1 .4  MW  CW  RF  power.  The 
long  window  endured  the  1.7  MW  CW  RF  power.  Both  sides 
of  the  window  were  coated  with  60  A  thick  Titanium  Nitride 
(TiN)  to  prevent  multipactor.  No  multipactor  was  observed  on 
the  window  during  the  RF  test.  MAFIA  was  used  to  calculate 
the  power  dissipation  of  the  ceramic  window  (shown  in  Figure 
6)  and  model  RF  fields. 

The  perimeter  of  the  ceramic  is  brazed  into  the  thin  copper 
cylinder  cooled  by  water.  The  finite  element  nonlinear  structural 
analysis  system  (FINAS)  was  used  for  thermal  and  stress 
analysis  of  the  window.  The  variance  of  dielectric  loss  (tanS)  of 
ceramic  disks  showed  that  measurement  in  the  long  type 
window  is  1.5  times  larger  than  calculation  and  showed  good 
agreement  in  the  standard  one. 

The  window  of  the  prototype  klystron  was  replaced  with  the 
long  pill-box  type  window.  A  change  in  the  color  from  white  to 
yellow  of  the  ceramic  surface  on  the  vacuum  side  was  found 
when  the  standard  pill-box  was  removed  from  the  prototype 
klystron.  The  prototype  klystron  window  faced  to  the  output 
cavity.  The  impact  of  drifting  electrons  from  output  cavity 
caused  to  make  color  change. 


III.  KLYSTRON  WITH  THE  LONG  WINDOW 

The  long  window  was  attached  to  the  klystron  with  E-comer, 
by  which  electrons  could  not  travel  directly  from  output  cavity 
to  the  ceramic.  The  observed  temperature  increase  in  the 
window  of  the  klystron  with  the  long  window  agreed 
approximately  with  the  results  of  the  resonant  ring  measurement. 
The  klystron  with  the  long  window  was  tested  with  the  CW 
operation  and  the  pulse  operation  of  50msec  long  at  a  repetition 
of  1  pps.  Figure  7  shows  RF  peak  power  vs.  beam  voltage. 

The  window  temperature  increase  was  29  degrees  when  the 
klystron  with  the  long  window  had  achieved  CW  RF  output 
power  of  885kW,  efficiency  of  45%,  and  beam  voltage  of  85kV 
in  the  present  measurement.  The  pulse  operation  at  85kV 
produced  IMW  with  this  measurement.  /1.2MW  will  be 
expected  of  the  nominal  beam  voltage  of  90kV  for  the  pulse 
operation  and  IMW  for  CW.  RF  power  diffrence  above  beam 
voltage  75kV  is  the  dimension  changes  of  cavities  due  to 
thermal  expansion.  High  power  RF  tests  up  to  IMW  will  be 
conducted  upon  the  completion  of  the  PNC  linac  power  facility 
in  mid- 1995. 


BEAM  VOLTAGE  (kV) 


Figure  7,  RF  peak  power  vs.  beam  voltage  of  the  klystron  with 
the  long  window,  provides  that  the  beam  perveance  is  constant 
at  9x10  '^. 


IV.  SUMMARY 


Considerable  progress  has  been  made  towards  the  realization 
of  a  high  power  1.2MWL-bandCW  klystron.  Simple  approach 
using  a  pill-box  type  RF  window  has  been  shown  to  handle  1.7 
MW  CW,  which  is  optimized  by  simulation  codes.  The  klystron 
with  the  long  window  has  achieved  output  power  of  885kW  CW 
and  efficiency  of  45%  in  the  present  measurement.  High  power 
RF  tests  up  to  IMW  will  be  carried  out  at  the  PNC  linac  facility 
in  mid- 1995. 
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ULTRARELATIVISTIC  KLYSTRON-A  FUTURE  SUPER  POWER  UHF 

GENERATOR 

F.A.  Vodopianov  //  Moscow  Radiotechnical  Institute  RAN,  Moscow,  Russia 


L  INTRODUCTION 

At  the  beginning  of  work  on  the  76  GeV  Serpuchov  accel¬ 
erator  (after  14  October  1967  y.),  a  presence  of  HF  voltage  on 
accelerating  resonators  without  power  tube  exiting  was  marked. 
This  voltage  was  exited  by  rotating  proton  bunches.  With  pro¬ 
ton  current  aobut  0. 1  A  and  energy  76  GeV,  the  beam  power  had 
gigantis  value  7.6  GWt.  After  an  invention  of  magnetic  energy 
analyser  type  grouping  device,  the  theoretical  and  experimen¬ 
tal  investigations  were  begun.  The  initial  structural  scheme  is 
presented  in  Figure  1.  In  1975  the  preliminary  understanding 
have  been  published  [1].  Here  at  the  first  time  was  discussed 
the  problem  of  gigawatt  power  consumption  by  means  of  many 
resonators  for  a  feeding  resonators  of  very  long  linac,  the  prob¬ 
lem  of  a  o-  pulse  grouping  of  superrelativistic  particle  bunches, 
a  problem  of  high  efficiency  accelerating  such  bunches  to  super¬ 
relativistic  energy  (energy  1  jW;  10  MeV).  Many  model  elements 
of  superrelativistic  generator  were  constructed  and  made  in  the 
decade  of  1975-1985 — electronic  guns,  grouping  devices,  elec¬ 
tronoguides  with  magnetic  focusing.  During  the  last  decade,  due 
to  financial  limitations  work  was  narrowed,  but  namely  in  this 
time  some  important  conceptions  were  suggested. 

II. 

Maximal  electron  energy  must  be  lowered  to  5-7  MeV,  as  at 
higher  energy  the  residual  radioactivity  will  appear.  At  5  MeV 
the  current  must  be  about  200  A  for  the  power  1  GWt  to  be 
conserved.  The  caculation  shows  a  grouping  length  about  30m 
at  energy  5  MeV  and  only  3.4  m  at  energy  1  MeV.  Therefore 
the  particle  breaking  can  be  only  to  energy  1  MeV  and  an  en¬ 
ergy  using  coefficient  is  only  83%  at  initial  energy  MeV.  A  con¬ 
sumed  by  one  resonator  power  must  be  as  high  as  possible.  At 
the  frequency  wave  length  10  cm  a  consumed  by  two  outputted 
resonator  power  about  Pir=20  MWt  and  a  whole  power  of  34 
resonators  can  be  about  680  MWt. 

The  value  Pir  at  first  harmonic  current  amplitude  11=320 
A  (due  to  real  grouping  coefficient  n=0,8)  depends  on  shunt 
impedance,  with  equal  in  this  case  400  Ohm.  Consequently  the 
amplitude  voltage  drop  will  be  130  kV  at  one  resonator  and  440 
kV  at  34  resonators.  The  efficiency  of  a  voltage  using 

ng  =  1  -  We/Win  (1) 

will  be  about  88%  at  Win=5  MeV  and  We=0.6  MeV.  but  the 
power  efficiency  of  generator  is  of  course  only  68%  due  to 
Il=0.8Io.  For  a  UHF  power  GWt  the  Win  must  be  7  MeV. 

III. 

the  bunch  parameters  5  MeV  and  200  A  can  easily  be  pro¬ 
vided  by  means  of  the  Kokroft- Wolton  accelerator.  The  involved 
improvements — screening  every  accelerating  steps  [2],  and  us¬ 
ing  an  energy  feedback  [3],  give  the  possibility  of  having  a  high 


efficiency  ultrarelativistic  bunch  source  (to  95%).  I  at  the  bunch 
power  I  GWT  the  50  MWt  consumption  from  the  electrical  net 
will  be  real  than  the  efficiency  coefficient  of  ultrarelativistic  gen¬ 
eration  with  680  MWt  UHF  power  will  be  680/(680+50)=93%. 

IV.  CONCLUSION 

The  concentration  of  34  resonators  with  summ  UHF  power 
680  MWt  at  3,4  m  length  will  lead  to  the  inadmissible  power 
dissipation  in  waveguides  in  case  a  feeding  the  long  (1  km) 
linac  resonators.  In  this  case  the  number  generator  resonators 
can  be  more  than  34  (for  example  100)  and  install  with  distance 
about  10  m  between  them  with  high  number  passive  (untuned) 
resonators,  serving  for  additional  bunches  grouping.  At  the 
100  working  resonators  the  power  losses  at  5.m  length  guides 
0.02*5=0,1  dB  (about  1%)  will  be  quite  admissible. 
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Figure  1 .  Structural  scheme:  1  -  electron  gun;  2  -  accelerator;  3  -  grouping  device;  4  -  resonator  system;  5  -  collector;  6  -  electron 
guide. 
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Abstract 

A  limitation  of  the  existing  Main  Ring  rf  system  is 
the  power  that  it  can  deliver.  The  Fermilab  Main  Injector 
will  require  112  KW  for  accelerating  the  full  intensity  at 
240  GeV  per  second,  which  is  pushing  the  upper  limits  for 
the  present  rf  power  amplifiers  used  in  the  Main  Ring. 
New  200  KW  power  amplifiers  will  be  placed  on  the 
cavities  in  the  tunnel  with  4  KW  solid  state  drivers  and  30 
KV  series  tube  modulators  in  the  equipment  gallery. 
Design,  reliability,  and  solid  state  driver  operating  in  a 
Main  Ring  rf  station  will  be  presented. 

1.  INTRODUCTION 

Reliability  testing  of  the  newly  designed  equipment 
built  under  an  R&D  program  by  the  rf  department  was  made 
by  installing  it  in  the  present  Fermilab  Main  Ring 
accelerator.  This  gave  real  time  operating  experience  under 
beam  loading  conditions  before  the  equipment  went  into 
full  production  for  the  Main  Injector.  The  200  KW  power 
amplifier  and  a  4  KW  solid  state  driver  were  installed  in 
May  of  1994  on  RF-RF  station  7.  For  over  11  months 
they  have  operated  flawlessly. 

II.  200  KW  POWER  AMPLIFIER 

The  new  amplifier  design  is  based  on  the  following: 

1.  Reliability.  Since  this  component  is  located  in 
the  tunnel  and  mounted  on  top  the  MR  cavities,  a 
failure  requires  downtime.  Only  the  power  module 
housing  the  Y-567B  tetrode  and  the  cathode 
resonator  would  now  be  in  the  tunnel.  Previous 
designs  have  a  14  tube  cascode  and  a  6  tube 
distributed  amplifier  attached  to  the  power  module 
in  the  tunnel. 

2.  Geometry  of  the  mounting  flange  and  anode  circuit 
had  to  be  compatible  with  the  present  MR-RF 
cavity. 

3.  We  will  use  the  Y-567B  power  tetrode  along  with 
Fermilab’ s  existing  tube  socket  parts  (fingers  and 
collets).  We  have  used  the  Y-567B  in  our  existing 
amplifiers  for  many  years  and  the  power  stage  has 
proven  to  have  excellent  reliability. 

4.  Provide  improved  water  cooling  on  and  around  the 
tube  socket  and  bypass  capacitors  to  remove  heat. 

5 .  Provide  peak  rf  current  of  approximately  2 1  amps. 


Figure  1.  Cross  section  of  the  200  KW  power  amplifier. 


Figure  2.  Detailed  cross  section  of  tube  socket. 


*  Operated  by  Universities  Research  Association,  Inc.  under  contract  with  U.S.  Department  of  Energy. 
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Figure  1  is  a  detailed  cross  section  of  the  complete 
amplifier.  The  grid  and  screen  electrodes,  grid  bracket, 
cathode  collet,  filament  block,  center  ground  plane,  and 
cooling  rings  are  made  of  OFHC  copper.  The  top  and 
bottom  ground  plates  are  fabricated  using  aluminum  tooling 
plate.  Most  of  the  other  major  parts  are  made  from 
aluminum  alloy  6061  T6. 

Figure  2  shows  the  tube  socket  assembly  with  bypass 
capacitors.  The  screen  and  grid  bypass  capacitors  are  made 
of  copper  clad  Kapton  that  is  photo  etched  for  the  desired 
copper  outline.  The  use  of  copper  clad  Kapton  is  preferred 
over  plain  Kapton.  Copper  clad  provides  a  more  uniform 
surface  area  for  the  electrodes,  thus  eliminating  localized 
heating  due  to  imperfections  in  electrodes  or  ground  plates. 
It  also  provides  consistent  capacitance  from  unit  to  unit. 
The  grid  bypass  capacitance  is  12.9  nF  and  the  screen 
bypass  capacitance  is  12.4  nF. 

A  filament  lead  bypass  capacitor  is  located  at  the  top  of 
the  cathode  resonator.  It  is  constructed  using  a  copper 
electrode  connected  to  the  filament  lead.  Plain  .005” 
Kapton  sheet  is  sandwiched  on  either  side  of  the  electrode. 
Capacitance  is  14.9  nF.  The  filament  is  pwered  by  a 
commercial  DC  high  efficiency  switching  supply  (15.5 
volts  at  225  amps)  located  in  the  series  to  modulator. 

The  cathode  resonator  is  tuned  to  53.1  MHz.  and  has  a 
Q  of  10.  The  low  Q  and  hence  wide  bandwidth  is 
accomplished  by  tapping  the  cathode  resonant  structure  with 
two  50  ohm  terminations  tapped  for  a  4:1  impedance 
transformation  at  the  cathode  (100  ohms).  The 
terminations  are  physically  located  upstairs  in  the 
equipment  gallery  and  connected  to  the  amplifier’s  cathode 
circuit  by  two  1/2  inch  Heliax  cables.  Over  the  full 
dynamic  swing  of  cathode  impedance  the  rf  power  loss  in 
the  cathode  circuit  is  minimal  and  the  impedance  range  is 
limited  for  the  solid  state  amplifier  load. 

The  cathode  is  driven  direcdy  at  the  base  of  the  tube 
socket  with  four  phase  matched  50  ohm  1/2  inch  Heliax 
cables  in  parallel  (for  12.5  ohms)  from  the  output  combiner 
of  the  solid  state  amplifier.  The  combiner’s  output 
impedance  is  12.5  ohms,  but  due  to  the  dynamic 
impedance  swing  of  the  cathode,  we  only  approach  a 
matched  12.5  ohm  cathode  impedance  at  full  output. 
Therefore,  these  cables  are  not  always  run  as  a  flat  line  so 
lengths  are  kept  near  1/2  X  multiples  of  53.1  MHz.  This 
provides  tight  coupling  between  driver  and  cathode. 

The  grid  bias  supply  is  a  fast  100  KHz  (bandwidth) 
programmable  type  with  compliance  of  -500  volts  to  0 
volts  for  0  to  10  volt  program.  The  screen  supply  is  a  3 
phase  bridge  type  rated  at  1050  volts  at  2  amps.  Both  of 
these  supplies  are  identical  to  the  ones  used  in  the  Tevatron 
rf  system  (Fermilab  design). 

A  cathode  monitor  is  installed  at  the  same  point  as  the 
rf  drive.  This  serves  as  a  voltage  monitor  and  phase 
reference  for  system  tuning.  A  second  monitor  (anode 
monitor)  is  placed  in  the  outer  shell’s  side  wall  in  the  anode 
circuit  and  is  used  for  voltage  monitoring.  The  cathode  and 


anode  signals  are  monitored  by  a  phase  detector  which 
controls  cavity  tuning. 

III.  4  KW  SOLID  STATE  DRIVER  AMPLIFIER 

When  we  first  started  our  R&D  program  for  the  new 
power  amplifier,  we  made  the  decision  it  would  be  driven 
by  a  solid  state  amplifier  located  in  the  equipment  gallery. 
With  20  years’  experience  maintaining  our  existing  power 
amplifiers  which  have  tube  drivers  built  on  top  of  the 
power  module  we  learned  that  a  lot  of  our  failures,  while 
acceptable,  were  related  to  the  driver  components.  Our 
existing  2  KW  drivers  are  made  up  of  14  parallel  4CW- 
800F  tetrodes  (cascode  amplifiers)  driven  by  a  6  tube  100 
watt  distributed  amplifier  mounted  on  top  of  the  2  KW 
driver.  The  complexity  of  small  tubes  in  the  tunnel  along 
with  their  associated  power  supplies  in  the  equipment 
gallery  led  to  a  higher  mean  time  to  failure  than  we  liked. 

Initially  we  could  find  no  commercial  solid  state 
amplifier  that  met  our  specification  (insisting  on  water 
cooled  units).  This  led  to  an  in-house  design  using  the 
MRF-151G  Mosfet  for  the  output  stage  mounted  to  a 
copper  water  cooled  heatsink  which  provided  250  watts  of  rf 
power  per  device.  We  assembled  16  of  these  devices 
(mounted  two  devices  per  copper  heatsink)  and  combined 
them  for  4  Kwatts  to  drive  the  cathode  of  the  power 
amplifier.  All  our  initial  testing  of  the  200  KW  amplifier 
was  done  using  this  solid  state  driver. 

Later  a  commercial  solid  state  amplifier  was  uncovered 
which,  with  the  exception  of  narrower  bandwidth,  could 
nearly  meet  our  requirements.  This  amplifier  with  a  few 
modifications  was  adapted  to  meet  our  water  cooling 
specification  and  bandwidth  requirements. 

Past  experience  with  air  cooled  heatsinks  in  solid  state 
drivers  have  led  to  poor  long  term  reliability  because  of 
excessive  junction  temperatures.  It  has  been  our  experience 
that  water  cooling  has  proven  to  increase  mean  time  to 
failure  by  more  than  an  order  of  magnitude.  Requiring 
copper  tubing  for  water  paths  rather  than  organic  hose 
greatly  reduces  the  chances  of  water  leaks. 

Two  of  the  commercial  1  KW  amplifier  chassis  were 
modified  to  give  the  desired  results: 

1 .  Wider  bandwidth. 

2.  Faster  gated  pulse  response  without  ringing. 

3.  Improved  chassis  shielding. 

4.  Added  37.5  degree  flare  fittings  for  water 
connections. 

5.  Eliminated  all  rubber  hose  inside  the  1  KW  chassis 
and  replaced  them  with  copper  refrigeration  tubing. 

One  of  the  modified  chassis  was  sent  back  to  the 
vendor  to  see  if  they  would  modify  their  design  to 
incorporate  our  changes.  Since  they  agreed  to  do  this,  we 
ordered  12  additional  amplifier  chassis  for  the  completion  of 
the  three  R&D  amplifiers. 
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Table  1  is  an  abbreviated  list  of  specifications  for  the  1 
KW  solid  state  amplifier  chassis. 


Frequency: 

Gain: 

Gain  Flatness: 
Phase  Delay: 
Phase: 

Rf  Power  Out: 
Cooling: 


30  MHz  -  80  MHz 

50  dB 

+/-1.0  dB 

Less  than  24  nSec 

All  amps  matched  to  +/-5  degree 

1000  watts 

Demineralized  LCW 


Table  1.  Abbreviated  Solid  State  Amplifier  Specification. 


4  KWATTS  SS  DRIVER  RACK 


Figure  3.  Diagram  of  the  4  KW  solid  state  amplifier  rack. 

The  control  unit  and  metering  chassis  are  Fermilab 
designed  and  fabricated.  The  final  output  combiner,  dual 
directional  couplers,  and  48  volt  200  amp  power  supply 
were  purchased  commercially. 

The  metering  chassis  performs  the  following  functions: 

1 .  Measures  and  displays  Mosfet  current  in  each 
output  stage. 

2.  Diode  detectors  for  processing  forward  and  reflected 
power  of  each  amplifier  for  local  and  remote 
readout  along  with  protection  circuitry  for  each. 

3 .  Variable  gain  rf  amplifier  for  programming  rf  level 
to  1  KW  amplifier  modules  in  response  to  an 
input  program  of  0  to  10  volts  (constant  phase). 

4.  Program  inhibit  (TTL  line). 

5 .  Four  -  way  rf  splitter. 

The  control  unit  provides  the  protection,  local  control, 
and  remote  interface  for  the  solid  state  amplifier.  It  utilizes 
a  Europac  HF  3U  chassis  with  9  plug-in  modules.  The 
modules  include  a  water  flow  processor  for  the  turbine  flow 
meter,  forward  power,  reflected  power,  amplifier  monitor 
module  for  each  1  KW  amplifier  (4  total),  power  supply 
controller,  and  on/off  master  controller  with  remote  status 
and  control. 


IV.  INSTALLATION  AT  MR-RF  STATION  7 


Figure  4.  Installed  Solid  State  Driver  at  MR-RF  St.  #  7, 

In  the  foreground  of  Figure  4,  is  the  4  KW  solid  state 
driver  rack  positioned  next  to  the  station  7’s  control  racks. 
From  top  to  bottom  are  the  four  -  1  KW  solid  state  rf 
amplifier  modules,  control  unit,  metering  chassis,  four  - 
way  output  combiner,  and  power  supply. 

A  condition  for  installing  and  running  a  long  term  test 
was  the  station  had  to  be  controlled  in  the  normal  fashion 
from  the  control  room  by  the  operations’  group.  The  solid 
state  driver’s  control  unit  was  interfaced  to  the  station’s 
existing  control  system.  With  minor  software 
programming  modifications,  new  parameters  for  the  solid 
state  driver  could  be  displayed  on  the  usual  parameter  pages. 
This  provided  the  operations’  group  full  remote  control, 
read-backs,  and  alarms  to  the  control  room  as  with  a  normal 
station. 

In  May  of  1994  the  station  was  made  operational  with 
the  new  200  KW  power  amplifier  and  solid  state  driver. 
The  200  KW  power  amplifier  typically  runs  with  a  peak 
anode  voltage  of  18  KV  from  the  series  tube  modulator,  a 
peak  negative  grid  bias  of  -300  volts,  and  a  peak  forward 
power  of  1700  watts  from  the  solid  state  driver  with  beam 
intensities  of  3.1  E12  on  pbar  production  cycles  (beam 
loading  compensation  active). 

To  date  we  have  had  no  failures  or  downtime  associated 
with  the  new  200  KW  amplifier  and  solid  state  driver. 
Even  though  this  is  the  only  station  operating  this  way,  it 
is  a  good  indication  that  the  designs  are  sound. 
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Abstract 

The  Amsterdam  Pulse  Stretcher  (AmPS)  is  an  electron  storage 
and  pulse  stretcher  ring.  The  ring  operates  at  energies  between 
300  and  900  MeV  at  circulating  currents  up  to  200  mA.  A  50 
kW  RF  source  with  fast  amplitude-  and  phase  modulation 
drives  a  2856  MHz  accelerator  section  in  the  stretcher  mode  of 
operation.  This  RF  source  doesn’t  provide  enough  power  to 
ensure  acceptable  beam  lifetime  for  storage  mode  operation  at 
energies  above  550  MeV.  Therefore  a  476  MHz  CW  RF 
system  has  been  implemented.  Its  cavity  is  a  modified,  former 
DORIS  (DESY),  500  MHz  single  cell  pillbox  cavity.  In  the 
cavity  a  gap  voltage  of  over  400  kV  is  generated  at  the 
maximum  30  kW  CW  power  from  a  YK1233  Philips  klystron. 
Three  RF  feedback  control  circuits  are  incorporated  to  stabilize 
the  cavity  parameters;  one  for  frequency,  the  second  for  the 
phase  and  the  third  for  the  amplitude.  Design,  realization  and 
operation  of  this  RF  system  is  described. 

L  INTRODUCTION 

For  the  stretcher  mode  of  AmPS  a  2856  MHz  RF  source  has 
been  built[l,2].  To  obtain  reasonable  lifetimes  in  the  Storage 
Mode  of  operation,  a  rather  high  rf  voltage  will  be  required  at 
this  frequency.  At  900  MeV  a  rf  voltage  of  700  kV  is  needed  to 
create  a  bucket  size  of  (ag  being  the  equilibrium  energy 
spread).  The  amount  of  rf  power  which  is  needed  to  generate 
this  voltage  in  the  12  cavities  long  travelling  wave  structure  is 
1.5  MW  CW  and  not  realistic. 

At  476  MHz,  the  sixth  subharmonic  of  the  accelerator  fre¬ 
quency,  only  150  kV  is  needed  to  create  the  same  bucket  size. 
For  a  bucket  size  of  lOOg  ,  the  rf  voltage  is  270  kV  at  476 
MHz 

For  future  operation  ,  after  1998,  AmPs  can  be  used  as  a  driver 
for  FELINA  (Free-Electron  Laser  in  Amsterdam)  for  the 
generation  of  narrow  bandwidth  radiation  in  the  ultra-violet 
spectral  range  (k  >  200  nm).  The  rf  voltage  needed  for  this 
application  at  476  MHz  is  350  kV  [3]. 


To  fulfill  these  requirements  at  a  frequency  of  476  MHz  a  new 
source  which  have  to  be  realized.  The  rf  related  specifications 
for  the  present  storage  mode  of  operation  are: 


Energy  range 

E 

[MeV] 

300-900 

Circulating  current 

Ib 

[mA] 

200 

Energy  spread  bucket 

8 

[%] 

±0.1 

Frequency 

f 

[MHz] 

476 

Harmonic  number 

h 

336 

Compaction  factor 

0.027 

Bending  radius  magn. 

P 

[m] 

3.3 

Ring  circumference 

L 

[m] 

211.618 

Circumference  period 

T 

[[IS] 

0.7 

The  rf  power  requirement  is  calculated  for  a  bucket  size  of 
lOag.  Tablel  shows  for  the  energy  range  of  500  to  900  MeV 
and  a  beam  current  of  200  mA  the  effective  cavity  gap  voltage 


and  corresponding  rf  powerlevels  for  a  single  cell  reentrant 
cavity  with  transit  time  corrected  Rsh=4MQ  (V^/2P)  and 
coupling  factor  of  p=1.6.  Ug  is  the  synchrotron  radiation  loss 
per  turn.  Ut  is  total  loss  including  the  parasitic  loss.  The  cavity 
wall  losses  for  an  effective  gap  voltage  of  400  kV  are  21  kW. 

Table  1 


Beam 


Energy 

IMeV) 

Us 

fkeVl 

Ut 

HceVl 

Vrf 

(kVl 

Prf 

fkWl 

500 

1.7 

2.7 

45 

0.8 

600 

3.5 

4.5 

80 

1.8 

700 

6.5 

7.5 

125 

3.6 

800 

11.0 

12.0 

190 

7.2 

900 

17.6 

18.6 

270 

13.4 

11.  CAVITY  MODIFICATION 

Modification  of  the  cavity  to  476MHz  (Fig.  1) 

The  University  of  Bonn[5]  provided  us  with  a  former  DORIS 
(DESY)  500  MHz  copper  pillbox  cavity[4]  together  with  a  rf 
input  1  oop  coupler  and  plunger  system  from  a  5-cell  PETRA 
(DESY)  cavity.  The  cavity  modification  steps  were  as  follows. 


640 


Fig.l  Nose  cone  inserts 

-Calculation  by  Urmel-T  of  the  cavity  RF  parameters  when  it  is 
modified  to  the  operation  frequency  of  476MHz  by  the 
insertion  of  nose  cones.  The  results  are  a  transit  time(T=0.73) 
corrected  Rgh  of  4.5MQ  (V^/2P)  with  a  Qunl.  of  40000  and 
R/Q  of  11 2Q.  In  the  real  cavity  this  impedance  is  degraded  by 
about  10%  due  to  the  addition  of  ports  and  the  condition  of  the 
copper  inside  surface.  The  frequency  dependency  of  the  nose- 
cone  distance  is  .62  MHz/mm 

-The  beamports  of  the  cavity  were  slightly  tapered,  they  are 
machined  to  a  final  fixed  diameter. 

-The  plunger  diameter  is  machined  to  a  4  mm  smaller  diame¬ 
ter  to  fit  the  plunger  port  of  the  cavity  with  a  4mm  circular 
spacing.  The  plunger  is  water  cooled  and  is  tested  at  10  Bar 
waterpressure  in  vacuum  because  of  the  remaining  2mm 
copper  wall  thickness  with  braze  joint.  The  rf  input  loop  coup- 
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ler  was  original  coupled  to  a  waveguide.  In  this  design  it  is 
coupled  to  a  coaxial  guide.  The  diameter  of  the  coaxial 
window  has  the  EIA  6  1/4”  dimensions.  To  get  the  cooling 
pipes  of  the  rf  input  loop  coupler  to  ground  level  it  was  needed 
to  insert  a  1/4X  shorting  stub  of  the  same  dimension  coaxial 
guide  into  the  loop  coupler  connection  with  the  cooling  pipes 
into  the  center  conductor  as  shown  in  fig.2.  For  the  exact 
coupling  range  a  4  cm  thick  adapter  is  inserted  between  the 
cavity  and  the  input  loop  coupler  [6]. 


-For  the  preliminary  measurements  alumina  nose  cones  are 
made.  In  the  nose  cones  there  is  a  groove  in  which  a  silver 
spring  is  mounted  to  get  good  electrical  contact  for  the  rf 
currents. 

-Measurement  of  the  actual  specs  of  the  cavity  while  all  the 
components  are  tuned  to  the  desired  specification.  Plunger  at 
+7.5  mm  depth,  angle  of  rotation  of  the  rf  inputloop  with 
respect  to  the  beam  direction  of  about  30°  at  an  overcoupled  P 
of  1.6.  Nosecone  distance  tuned  to  a  resonant  frequency  of  476 
MHz  taken  into  account  the  temperature  of  the  cavity. 
Frequency  dependency  of  temperature  is  8  kHz/°C.  The  mea¬ 
sured  Qunl.=  36000  and  Qi=13800.  The  tuning  range  of  the 
plunger  is  from  475.4  to  477  MHz  for  depth  of  -15  to  +25  mm. 
-Low  temperature  braze  of  the  final  copper  nosecones  into  the 
beamports  of  the  cavity  with  all  the  other  elements  removed. 

Vacuum  and  RF  conditioning 

The  copper  cavity  had  been  stored  in  open  air  for  many  years. 
The  inside  surface  was  totaly  black.  The  first  action  was 
cleaning  of  the  inside  surface  by  polishing  and  not  etching 
solvents.  The  low  temperature  silver-tin  braze  of  the  copper 
nosecones  is  done  under  vacuum  at  220°C.  After  assembling  of 
the  cavity  with  all  its  accessories  it  is  baked  to  100°C  for  two 
weeks  connected  to  a  1801  turbopump  set  with  mass-spec¬ 
trometer.  The  end  pressure  was  3.1  10“^Torr  and  the  partial 
pressure  content  of  the  carbon-hydrogens  was  .35%  and  the 
cavity  ready  for  installation  in  the  Ring.  The  rf  power  test  of 
the  cavity  is  combined  with  the  rf-  and  vacuum  conditioning. 
For  this  activity  the  cavity  was  still  on  its  position  in  the  ring 
but  isolated  from  the  ring  vacuum  with  a  seperate  turbo 
molcular  pump  and  mass-spectrometer.  It  take  two  weeks  till  it 
was  possible  to  handle  25  kW  of  CW  rf  power  in  the  cavity 
without  the  appearance  of  incidental  gas  bursts.  Multipactoring 
was  observed  in  the  peakpower  range  of  .5  to  1  kWatt  espe¬ 
cially  during  the  very  beginning  of  the  rf  conditioning. 


III.  RF  SOURCE  DETAILS  (fig.  3) 

S^nch  ronozation 

The  476  MHz  signal  is  delivered  either  by  a  local  synthesizer 
or  by  the  6th  subharmonic  masteroscillator  of  the  ME  A  acce¬ 
lerator  and  can  be  chosen  by  remote  control.  When  synchro¬ 
nization  to  the  accelerator  bunch  structure  is  important  for  in¬ 
jection  purposes  the  exact  phase  for  optimum  capture  can  be 
set  with  phase  shifter  ps-1. 

RF  drive  details 

-PIN  switch  which  is  used  for  protection  purposes.  If  there  is 
an  arc  in  the  klystron  cavities  or  in  the  ciculator  or  the  rf  power 
reflection  from  the  circulator  exceeds  4%(VSWR=1.5)  the  rf 
power  will  be  switched  off  to  protect  the  klystron. 

-Electronic  variable  attenuator  att-2  of  20  dB  as  the  control 
device  for  the  cavity  voltage  level  control.  Att-1  is  used  for  the 
adjustment  of  this  control  loop. 

-Electronic  variable  phaseshifter  ps-3  of  0-360°  as  the  control 
device  for  the  cavity  voltage  phase  control..  Ps-2  is  used  for  the 
adjustment  of  this  phase  control  loop. 

-Solid  state  power  amplifier  of  50dB  to  deliver  the  50W 
maximum  drive  power  for  the  klystron  power  amplifier. 

30  kW power  amplifier 

The  klystron  is  a  Philips  YK  1233A  normally  used  for  a  TV 
transmitter  in  the  range  of  470  to  860  MHz.  Philips  has  tested 
this  klystron  at  476  MHz  CW  operation  condition  of  29.3  kW. 
In  table  3  the  typical  specs  are  given  for  two  levels  of  opera¬ 
tion.  Recommanded  CW  operation  is  at  max.  90%  of  the 
saturated  output  power.  This  tube  has  two  control  electrodes. 
-Modulation  anode  which  is  powered  to  75%  of  the  DC  beam 
voltage  to  give  the  desired  perveance. 

-Uabc  which  is  close  to  the  cathode  and  can  be  varied  from  0 
to  -lOOOV  to  change  the  gain  of  the  tube  by  means  of  DC 
beam  current  variation. 


Table  3.  YK  1233A  specifications  (typical) 


Pout  90%  sat. 

kW 

15 

25 

Beam  voltage 

kV 

17 

20.5 

Beam  current 

A 

2.2 

2.9 

Pdrive  sat. 

W 

6.5 

6.5 

Bandwidth(-3dB) 

MHz 

5 

5 

efficiency 

% 

45 

42 

Hi^h  power  coaxial  transmission  line 

The  coaxial  line  close  to  the  cavity  and  the  klystron  which 
contains  the  directional  couplers  are  of  the  standard  3  1/8” 
EIA.  For  the  coaxial  waveguide  connections  between  the 
klystron,  circulator  and  cavity  the  100mm  diam.  fast  mounting 
system(SMS)  coaxial  guide  of  Spinner  is  used  because  it  is 
easy  to  install.  The  circulator  is  a  commercial  type  from  ANT 
Bosch  and  can  handle  the  full  reflection  of  30  kW.  The 
isolation  is  more  than  40  dB  and  it  is  stabilized  for  the  change 
in  power  level  and  temperature  of  the  cooling  water. 
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RF  control  loops 

The  rf  source  has  three  control  loops.  The  electronics  of  all 
three  systems  are  in  the  transmitter  area.  For  this  reason  two 
15m  long  phase  stable  7/8"  Flexwell  cables  are  used  for  the 
transmission  of  the  the  cavity-  input  and  measurement  loop 
signal  from  the  ring  vault  to  the  transmitter  room. 

-The  first  loop  controls  the  frequency  of  the  cavity  under  the 
change  of  temperature  and  beamloading.  A  phase  change  will 
be  compensated  by  adjusting  the  tuning  plunger  by  means  of 
a  stepper  motor.  The  response  time  is  in  the  0.1  sec.  order. 

-The  second  loop  controls  the  phase  of  the  cavity  voltage.  The 
phase  reference  is  the  master  oscillator.  Any  phase  change 
introduced  by  a  temperature  change  of  the  coaxial  network  or 
a  change  of  the  klystron's  electrical  length  or  beamloading  will 
be  corrected  for  by  the  electronic  phase  shifter. 

-The  third  loop  stabilizes  the  cavity  voltage.  The  rectified 
output  signal  from  the  cavity  measurement  loop  is  compared 
with  an  adjustable  reference  level.  Any  change  introduced  by 
the  amplifiers  or  beam  will  be  adjusted  for.  By  changing  the 
reference  level  the  operational  cavity  voltage  can  be  set.  The 
response  time  for  the  last  two  controls  is  in  the  0.1  msec  order. 

Higher  order  modes  (HOM) 

No  effort  has  been  put  into  the  damping  of  the  higher  order 
modes.  The  maximum  beam  current  level  in  the  ring  is  200mA 
and  seems  to  be  just  below  the  level  where  problems  with 
bunch  instabilities  will  occur.  During  the  operation  of  the  ring 
in  stretcher  mode  at  2856  MHz  problems  are  observed  during 
the  optimization  of  the  extracted  current  influenced  by  the  476 
MHz  cavity  in  the  ring.  This  effect  totally  disappeared  by 
detuning  the  cavity  about  0.5  MHz  with  the  plunger.. 

Operation  results 


The  first  experments  in  the  internal  target  hall  with  the  ring  in 
storage  mode  at  476  MHz  were  during  Dec/Jan  '94/95.  The 
lifetime  T  of  the  beam  was  in  the  order  of  1/2  hour.  The  max. 
injected  peak  current  was  50  mA  for  3-tum  injection  which 
means  a  circulating  current  of  150mA.  During  this  period  the 
476MHz  station  was  started  up  and  operates  for  2  month 
without  interruption.  The  accelerator  was  in  operation  at  its 
lowest  repetition  rate  of  lOpps.  Storage  mode  experiments  are 
preferently  planned  in  winter  time  to  reduce  the  electricity 
costs. 
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Lifetime  Experience  with  low  Temperature  Cathodes  equipped  in  Super 

Power  Klystrons. 

Rudolf  Bachmor,  Philips  GmbH,  RHW  Hamburg,  Germany 


0.  ABSTRACT 

When  Philips  started  the  production  of  super  power  klystrons 
in  1976  the  electron  emitter  was  a  tungsten  dispenser  cathode  of 
the  well-  known  Philips  "B”  type.  One  disadvantage  of  this 
cathode  type  is  the  relative  high  cathode  temperature.  Many 
efforts  have  been  spent  from  researchers  world- wide  to  decrease 
the  operating  temperature  of  the  dispenser  cathode. 

Since  1990  we  have  tested  several  sputter  coated  Os/Ru 
cathodes  in  cw  super  power  klystrons.  The  expected  decrease  of 
the  temperature  has  been  entirely  confirmed.  Measured  emission 
data  compared  to  "B"  cathodes  during  factory  acceptance  test 
are  presented.  Positive  experience  concerning  lifetime  under  real 
operation  conditions  has  been  gained  at  different  intematiol 
accelerator  centers  and  will  be  reported. 

L  INTRODUCTION 

The  Philips  Rohren-  und  Halbleiterwerke  in  Hamburg, 
Germany,  is  a  manufacturer  of  high  power  microwave  tubes.  In 
the  scope  of  current  production  are  klystrons  and  inductive 
output  amplifiers  (10 A)  for  the  UHF-TV  market  and  high  power 
continous  wave  klystrons  for  high  energy  research  and  puls 
klystrons  for  radar  application. 

Most  of  the  cathodes  equipped  in  tubes  are  tungsten  dspenser 
cathodes  of  the  well-known  "B"  type  developed  in  the  Philips 
research  laboratories  in  the  Netherlands  and  the  United  States  of 
America  [1].  The  cathode  consists  of  a  porous  tungsten  body 
with  roughly  80%  density.  The  pores  are  filled  with  a  mixture  of 
bariumoxid,  calciumoxid  and  alumina  with  a  molar  ratio  of 
5:3:2. 

In  1976  Philips  started  the  production  of  super  power  cw 
klystrons  with  600kW  RF  output  power  installed  in  high  energy 
research  laboratories.  For  this  application  the  proven  technology 
of  the  Philips  "B"  cathode  was  chosen  too. 

A  typical  operating  temperature  of  the  "B"  type  cathode  is 
about  1040°Cb.  This  relative  high  temperature  creates  a  number 
of  problems  related  to  the  evaporation  of  barium  from  the 
cathode: 

•  Electrical  breakdown  strength  across  ceramic  insulators. 

•  Primary  electron  emission  from  the  focus  electrode. 

•  Flaking  of  condensated  barium  from  the  anode  under 
electrical  forces. 

Due  to  this  disadvantages  it  is  one  main  goal  of  thermionic 
cathode  improvement  to  increase  the  electron  emission  density 


at  a  given  operation  temperature  permitting  the  same  current  at 
reduced  temperature. 

2.  LOW  TEMPERATURE  CATHODES 

2.7  The  "M”  type  Cathode 

A  significant  improvement  in  dispenser  cathode  technology 
was  made  in  the  1969's  at  the  Philips  research  laboratories  in 
Eindhoven  [2].  Zahn  and  van  Stratum  found  that  a  coating  of  the 
cathode  emission  surface  with  a  metal  of  the  platinum  group 
(osmium,  iridium,  ruthenium  or  rhenium)  gives  a  reduction  in 
work  function  of  about  0.2eV.  This  means  in  practice  that  the 
cathode  can  deliver  the  same  current  density  as  the  "B”  cathode 
at  60°C  to  100°C  lower  temperature.  The  "M"  type  cathode  was 
bom. 

2.2  The  Philips  "M"  type  Cathode 

In  the  present  state  the  Philips  "M"  type  cathode  is  a 
conventional  "B"  type  cathode  with  a  osmium-mthenium  coating 
of  about  1pm  thickness. 

3.  CATHODE  PREPARATION 

Deposition  of  Os/Ru  films  on  porous  tungsten  with  modem 
sputtering  facilities  is  an  usual  process  in  Philips  cathode  ray 
tube  production. 


power  supply 

pump 


Fig.  1  Gun  Pretreatment  Station 
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The  emitting  surface  has  a  diameter  of  1mm.  Five  thousand 
cathodes  are  sputter  coated  in  one  procedure.  These  cathodes 
give  good  results  in  Philips  TV  colour  tubes  with  respect  to  grid 
emission  and  lifetime. 

In  recent  years  this  technique  was  also  been  used  for  the  large 
cathodes  (up  to  80mm  in  diameter)  of  super  power  conontinous 
wave  klystrons.  There  is  only  one  additional  step  in  the  cathode 
production  line: 

After  impregnation  the  pellet  is  sputter  etched  and  than 
coated  withOs/Ru. 

Before  installation  into  the  gun  structure  each  cathode 
assembly  will  be  vacuum  fired  in  a  quartz  bell  jar  (Fig.l)  for 
several  days.  The  reason  is  to  degas  the  cathode  assembly  and  to 
evaporate  residual  impregnant  from  the  cathode  surface.  During 
pre-firing  the  pressure  is  be  maintained  at  less  than  5x10*^  torr 
while  the  cathode  temperature  is  slowly  increased  up  to  the 
operating  value. 

The  relationship  between  heater  power  and  cathode 
brightness  temperature  (°Cb)  was  measured  by  an  optical 
pyrometer  through  a  0.650  pm  filter. 

4.  RESULTS 

4.1  Factory  Test 

After  tube  bake-out  and  bum-in  a  detailed  underheating 
characteristic  was  measured  at  constant  gun  voltage.  Rg.2  shows 
the  measured  normalized  cathode  emission  curve  (Miram  plot) 
of  three  Os/Ru  coated  cathodes  compared  to  a  standard  "B” 
cathode. 


Fig.  2  Underheating  characteristic  plot  measured  during 
factory  test.  Comparison  between  ”B"  cathode 
and  "M"  cathode 


The  transition  point  between  the  temperature  limited  zone  and 
the  space  charge  limited  region  was  shifted  to  lower  tempera¬ 
tures.  A  decrease  of  about  65K  in  cathode  operating 
temperature  can  be  allowed  to  guarantee  stable  emission 
conditions.  The  temperature  was  fixed  at  975°(^  instead 
1040°Cb  for  standard"B'’  cathodes.  This  reduction  gives  a 
decrease  in  barium  evaporation  down  to  about  25%. 

4.2  Emission  Tests  during  Life 

Since  1990  more  than  twenty  five  super  power  klystrons  of 
various  types  were  equipped  with  Os/Ru  coated  "M"  type 
cathodes. 

Some  tubes  are  under  special  lifetime  observation  at  the 
customer. 

Cathode  current  measurements  are  carried  out  periodically 
and  with  the  known  relationship  between  heater  power  and 
cathode  temperature  beamcurrent-temperature  plots  can  be 
made. 

The  behaviour  of  one  tube  during  life  is  shown  in  Fig.  3. 


Cathode  Temperature  /®Cg 

Fig.  3  YK1304  Underheating  characteristic  during  life. 

The  operating  temperature  is  fixed  at  975°Cb. 


Another  indicator  of  cathode  emission  condition  is  the  tube 
perveance.  The  operating  time  dependence  of  perveance  shows 
Fig.  4.  In  the  beginning  a  little  fluctuation  can  be  observed. 
After  about  5.000  hours  the  perveance  increases  slowly.  A 
reduced  anode  voltage  can  be  applied  to  achieve  the  same  beam 
current. 

From  [3]  it  is  known  that  at  normal  cathode  operating 
temperatures  interdiffusion  of  tungsten  substrat  and  the  osmium- 
ruthenium  layer  occurs.  The  cathode  performance  first  improves 
with  life  because  the  work  function  will  go  through  a  minimum 
(that  means  a  maximum  in  emission)  at  80%  W  concentration  in 
surface.  When  the  surface  became  more  rich  in  tungsten  the 
emission  decreases. 
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The  time  for  degradation  is  temperature  dependent.  The 
expected  time  to  reach  the  minimum  in  work  function  at  975 
is  more  than  100.000  hours. 
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Fig.  4  Perveance  during  life 


5.  CONCLUSION 

In  total  more  than  twenty  five  Philips  super  power  klystrons 
equipped  with  Os/Ru  coated  "M"  type  cathodes  are  working 
trouble-free  in  different  accelerator  centers  world-wide.  The  RF 
output  power  is  between  800kW  and  1.3MW.  Some  tubes  have 
exceed  18.000  high  voltage  operating  hours. 

The  Philips  low  temperature  *’M"  coated  cathode  accom¬ 
plishes  the  strong  demands  in  super  power  klystrons. 

The  advantages  for  running  tubes  in  transmitters  are: 

•  Low  evaporating  rates  of  the  impregnants. 

•  Low  operating  temperature. 

•  Temperature  decrease  of  focusing  electrode 
leads  to  depression  of  unwanted  primary  emission 

•  Long-term  stability  of  emission. 

•  Long  service  life  of  klystron. 

The  emission  behaviour  of  the  Philips  "M"  type  cathode  also 
has  been  tested  with  success  in  several  TV  klystrons  and 
inductive  output  amplifiers.  A  lifetime  testprogramme  is  started 
in  cooperation  with  the  German  Telecom. 
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The  microwave  system  of  the  PLS  2-GeV  linac  is 
systematically  divided  into  two  parts.  One  is  a  drive  system,  the 
other  is  a  waveguide  system.  The  drive  system  consists  of  an  RF 
signal  source  (2,856  MHz),  a  solid  state  amplifier  (SSA),  a  phase 
shift  key  (PSK),  a  main  drive  line  (MDL),  and  IPA  units.  There  are 
1 1  high  power  klystrons,  10  SLED-type  pulse  compressors,  and  42 
constant  gradient  accelerating  sections  in  the  waveguide  network. 
One  module  of  the  waveguide  network  consists  of  63  pieces  of 
waveguide  components  and  four  accelerating  sections.  After 
installation  of  the  waveguide  system,  phases  for  each  branch  of  the 
system  are  measured,  and  phase  differences  between  branches  are 
adjusted  within  1  degree.  The  attenuation  of  the  waveguide  system 
from  the  klystron  output  to  the  input  port  of  each  accelerating 
section  is  about  0.8  dB.  This  paper  presents  the  design  of  the 
microwave  system  and  its  performance. 

L  INTRODUCTION 

The  PLS  2“GeV  linac  is  convicted  by  the  end  of  June  1994  as 
a  full  energy  injector  to  the  storage  ring,  a  third  generation 
synchrotron  light  source.  There  are  1 1  klystrons  and  modulators, 
10  SLED-type  pulse  compressors,  and  42  accelerating  sections 
[1,2],  The  electron  beam  is  accelerated  with  a  pulsed  RF  of  2,856 
MHz.  The  RF  frequency,  phase,  and  power  are  very  important 
factors  in  linac  operations.  The  change  of  these  factors  gives 
influences  on  the  energy  and  the  energy  spread  of  accelerated 
beams.  The  magnitude  of  the  change  of  these  factors  depends  on 
various  reasons  such  as  the  drive  signal  of  klystrons,  modulator 
beam  voltages,  and  even  environmental  conditions.  The  beam 
voltage  of  the  modulator  is  stabilized  within  the  design 
specification  of  +/-  0.5%  in  two  stages  [3].  The  temperature  of 
accelerating  sections  is  routinely  controlled  within  45  +/-  0.2°  C. 
For  the  drive  system,  the  design  tolerance  of  phase  stability  is  less 
than  +/-  3.5°  during  72  hours  for  the  entire  145-m  long  drive  line. 

The  drive  system  was  completely  installed  by  the  end  of 
August  1993,  and  the  waveguide  system  was  completed  in 
December,  1993.  The  RF  conditioning  for  the  whole  waveguide 
system  and  the  beam  commissioning  have  been  continued  since 
then.  Until  now,  the  whole  microwave  system  is  being  operated 
without  a  serious  problem. 

11.  DRIVE  SYSTEM 

There  are  three  parts  in  the  drive  system;  the  signal  source  to 
drive  the  preinjector  klystron,  the  main  drive  line  to  supply  the 
drive  power  to  10  klystrons  out  from  the  preinjector  klystron,  and 
IPA  units  to  adjust  the  power  level  and  the  phase  angle  of  the  drive 
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power.  The  schematic  diagram  of  the  PLS  linac  drive  system  is 
shown  in  Fig.  1. 


Fig.  1:  Schematic  diagram  of  PLS  microwave  system. 


A.  Signal  Source 

The  signal  source  consists  of  a  master  oscillator,  a  low-level 
signal  conditioning  unit,  and  a  solid-state  amplifier.  The  high 
precision  synthesized  signal  generator  is  used  as  a  master 
oscillator.  The  frequency  stability  of  the  master  oscillator  is  5  x 
10’^^  /day,  and  the  phase  noise  is  -137  dBc/Hz  at  10  kHz  offset. 
The  low-level  signal  conditioning  unit  consists  of  a  pre-amplifier, 
a  CW  RF  amplifier,  an  isolator,  and  a  PSK.  The  PSK  unit  can  be 
operated  up  to  2-W  CW  power  and  its  switching  time  is  shorter 
than  50-ns.  The  solid-state  amplifier  is  a  C-class  pulse  amplifier. 
The  PSK  output  of  1-W  CW  is  amplified  by  the  SSA  to  720-W 
pulse  power  by  using  the  multi-cascade  method  and  the  power 
combination  method.  The  SSA  provides  the  drive  power  to  the 
preinjector  klystron.  The  output  of  the  solid-state  amplifier  is 
adjustable  from  400-W  to  720-W,  and  the  pulse  width  adjustable 
from  2  ps  to  7  ps.  Its  rise  and  fall  times  are  about  0.2  ps  and  0.1 
ps,  respectively. 

B.  Main  Drive  Line 

The  main  drive  line  of  1-5/8"  air-dielectric  rigid  coaxial  line 
transmits  the  2,856  MHz  RF  power  from  a  cross  coupler 
waveguide  located  in  the  preinjector  waveguide  system  to  the  end 
of  the  accelerator.  It  consists  of  45  straight  pieces,  2  right  angle 
elbows,  2  expansion  sections,  1 1  couplers,  and  a  load.  The  total 
length  of  the  main  drive  line  is  145  m.  The  expansion  sections  are 
for  compensations  of  the  longitudinal  thermal  expansion  due  to  the 
temperature  variation  in  the  drive  line.  There  are  4  kinds  of 
coupling  coefficients  in  10  couplers  to  extract  proper  drive  power 
to  the  klystron  from  the  main  drive  line.  Approximately  120-kW 
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power  is  supplied  to  the  main  drive  line.  The  output  power  at  each 
directional  coupler  is  2~3  kW  ranges. 

C,  Isolator-Phase  Shifter-Attenuator  (IP A) 

The  IPA  system  provides  the  isolation  of  the  main  drive  signal 
from  the  reflected  drive  signal  at  each  klystron  as  well  as  the 
control  of  the  phase  and  the  amplitude  of  the  drive  power  for  each 
klystron.  An  IPA  system  consists  of  two  units.  One  is  an  RF  unit 
and  the  other  is  an  electronic  control  unit.  There  are  two 
controllable  components  in  the  RF  unit;  a  phase  shifter  and  an 
attenuator.  The  phase  shifter  is  a  rotary-field  type  and  is  digitally 
controlled  from  0°  to  360°  by  a  current  drive.  The  attenuator  is  a 
strip-line  variable  type  and  its  attenuation  is  varied  from  0  to  20  dB 
by  a  DC  motor.  An  Intel  8751  microprocessor  is  used  in  the 
electronic  control  unit  which  is  connected  to  the  main  control 
system  via  a  special  VME  I/O  port.  The  main  parameters  of  the 
IPA  system  are  shown  in  Table  1. 


Table  1:  Main  parameters  for  the  IPA  unit. 


Frequency  Range 

2,856+/- 0.1  MHz 

Total  Insertion  Loss 

<  3.0  dB 

VSWR 

<1.2 

Max.  In/Out  RF  Power 

3/1.5  kW  peak,  4  ps,  60  Hz 

Phase  Shift  Range 

Modulo  36(r 

Phase  Error 

<  +/-  3.0° 

Variable  Attenuation  Range 

20  dB  max. 

Isolation 

>30dB 

III.  WAVEGUIDE  SYSTEM 

The  waveguide  system  consists  of  the  waveguide  network, 
pulse  compressors  (SLEDs),  and  accelerating  sections.  The 
waveguide  network  transfers  the  microwave  power  from  the 
klystron  to  the  accelerating  sections.  The  pulse  compressor  is  for 
increasing  the  peak  power  of  microwaves  instead  of  reducing  the 
pulse  width.  The  electron  beam  is  accelerated  in  the  accelerating 
section  with  microwaves  as  shown  in  Fig,  1. 
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Fig.  2:  Phase  adjustment  result  of  the  waveguide  system. 


A.  Waveguide  Network 

This  system  consists  of  63  pieces  of  S-band  standard 
waveguide  components.  The  thickness  of  each  component  is  5 
mm.  The  length  of  one  branch  from  the  klystron  output  to  the  input 
port  of  an  accelerating  section  is  about  16  m.  One  klystron  feeds 
the  microwave  power  to  four  accelerating  sections.  Each  klystron 
is  individually  phased  by  an  IPA  system  to  obtain  the  correct  phase 
relationship  between  bunched  beams  and  the  microwaves.  In  the 
PLS  Unac,  the  distance  between  the  input  couplers  of  accelerating 
sections  in  one  module  is  31  wavelengths.  The  high  power 
waveguide  network  must  be  adjusted  to  be  equal  in  phase  length, 
or  to  differ  by  only  integral  numbers  of  wavelengths.  The 
waveguide  branches  from  a  klystron  output  to  the  output  ports  of 
the  four  accelerating  sections  were  adjusted  to  be  equal  in  phase 
length  within  tolerance  of  +/- 1°  by  using  a  network  analyzer  (HP 
85 1 OC).  The  results  of  the  phase  adjustment  is  shown  in  Fig.  2. 
During  the  phase  adjustments,  the  vacuum  pressure  of  the 
waveguide  system  was  kept  in  order  of  1(1^  torr  to  reduce  the  error 
occurred  by  distortion  of  the  waveguide  due  to  the  atmospheric 
pressure.  And  the  temperature  of  adjusted  waveguide  branch  was 
maintained  within  45  +/-  0.1° C.  The  pulse  compressor  was 
detuned  during  the  adjustment.  The  average  loss  of  the  waveguide 
network  between  the  klystron  output  and  the  input  ports  of 
accelerating  sections  was  0.8  dB. 

B.  Pulse  Compressor 

We  use  10  pulse  compressors  to  get  a  high  energy  gain  in  the 
accelerating  sections.  Several  RF  tests  are  conducted  before  being 
installed.  The  measured  unloaded  Q- value  is  about  100,000  and 
coupling  coefficient  is  about  4.8.  Also  the  measured  power  gain  is 
about  7.5  dB.  We  have  two  kinds  of  pulse  compressors  which  is 
different  in  detuning  needles.  One  half  of  them  are  old  type  which 
is  the  same  as  the  SLAG  type.  The  others  are  a  new  type  in  which 
the  position  of  the  detuning  needle  is  changed.  Currently,  all  pulse 
compressors  are  operated  at  about  60-MW  RF  power.  When  the 
RF  phase  is  reversed  at  3  \is  after  the  RF  pulse  tum-on,  the 
measured  power  gain  is  higher  than  7.4  dB. 

C.  Accelerating  Section 

There  are  42  accelerating  sections  in  the  PLS  linac.  They  are 
all  SLAC-type  constant  gradient  structures.  Three  kinds  of 
accelerating  sections  are  periodically  arranged  in  order  to  compress 
higher  order  modes.  To  compensate  disturbances  on  electron 
beams  due  to  the  coupler  asymmetry,  all  accelerating  sections  are 
installed  with  BA-ABBA-AB-BABA  etc.  configuration.  Each 
accelerating  section  operated  with  3n/2  mode  is  3.072  m  long  and 
has  conflat  flanges  for  easy  installation  and  maintenances.  The 
attenuation  of  an  accelerating  section  is  less  than  4.9  dB.  Presently, 
about  70-MW  of  RF  power  (peak)  is  fed  into  each  accelerating 
section. 

IV.  PERFORMANCE  OF  MAV  SYSTEM 

The  slippage  between  RF  wave  crests  and  electron  bunches 
may  take  place  in  accelerating  sections.  When  the  operation 
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Fig.  3:  Temperature  variation  of  the  main  drive  line. 
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Fig.  4:  Delay  time  of  RF  and  electron  beam. 


frequency  is  drifted  or  the  temperature  of  accelerating  sections  is 
shifted  fi'om  the  desired  value,  the  derivation  of  the  phase  velocity 
from  the  speed  of  light  occurs.  The  variation  of  the  operating 
frequency  is  most  influential  to  the  beam  quality  than  other  reasons 
such  as  the  phase  shift  in  the  main  drive  line.  We  observe  that  the 
operating  frequency  of  the  master  oscillator  varies  within  several 
Hz  per  day. 

There  are  three  relevant  factors  which  affect  the  phase  stability 
of  the  main  drive  line;  the  length,  the  dielectric  constant  of  the  gas 
inside  the  line,  and  the  dielectric  constant  of  the  Teflon  for 
supporting  the  center  conductor.  These  factors  vary  as  the 
temperature  of  the  environment  changes.  The  length  variation 
causes  the  greatest  phase  errors  compared  to  the  phase  errors 
raised  by  other  two  factors.  The  length  variation  of  145-m  long 
main  drive  line  is  about  2.44-mm  per  1°C  change.  This  value 
causes  a  phase  error  of  about  8.8°  at  the  end  of  the  main  drive  line. 
The  temperature  of  main  drive  line  is  measured  as  shown  in  Fig.  3. 

The  phase  variation  of  the  drive  signal  of  each  klystron  is 
measured  at  the  RF  input  and  output  monitoring  ports  in  IPA  units 
with  a  double-balanced  mixer.  The  measured  result  shows  that  the 
maximum  phase  variation  of  the  drive  signal  in  each  klystron  is  less 
than  +/-  3°. 

There  is  usually  a  time  delay  between  the  microwave  and  the 
electron  beam  due  to  the  propagation  speed  of  the  microwave  in 
the  main  drive  line  and  the  drop-out  cable.  The  length  of  the  drop¬ 
out  cable  of  each  module  is  nearly  the  same  to  avoid  the  irregular 
delay  time.  The  delay  time  of  the  RF  signals  between  nearby 
modules  is  measured  as  shown  in  Fig.  4.  In  the  PLS  linac,  the 
largest  delay  time  between  adjacent  module  is  occurred  at  the 
preinjector  and  the  #2  klystron.  This  raised  from  the  PSK  trigger 
time  in  SLED  operations. 

The  energy  multiplication  factor  is  measured  at  #10  module  by 
comparing  the  beam  energy  with  the  tuned  and  detuned  pulse 
compressor.  The  energy  multiplication  factor  shows  1 .56  with 
PSK  trigger  at  3  ps. 

V.  SUMMARY 

The  microwave  system  is  in  a  good  working  condition  without 
any  serious  problem  during  the  conunissioning  period  and  the 
normal  operation  at  present.  AS  a  result,  the  measured  energy 
spread  is  0.3%  with  2-GeV  beams.  The  beam  energy  is  very  stable 
even  in  24-hour  continuous  beam  operation.  The  preinjector 


klystron  is  SLAC-5045  type.  The  drive  power  of  this  unit  is  about 
500- W.  Currently,  this  klystron  is  operated  at  50-MW  output 
power.  The  drive  power  to  operate  a  klystron  at  its  saturation  is 
usually  increased  as  the  output  power  of  the  klystron  is  decreased. 
The  present  system  which  is  a  little  lower  than  to  the  saturation 
level  can  provide  the  maximum  power  of  500-W  to  the  preinjector 
klystron. 

The  solid-state  amplifier  developed  in  the  PLS  whose 
maximum  output  power  is  about  800-W  will  be  installed  and  tested 
in  the  near  future.  We  will  also  test  the  TWT  (travelling  wave 
tube)  system  instead  of  the  solid  state  amplifier  for  future 
improvement  of  the  stability  of  the  drive  signal  of  the  klystron. 
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The  PLS  2-GeV  linac  employs  1 1  units  of  high-power  pulsed 
klystrons  (80-MW)  as  the  main  RF  sources.  The  matching 
modulators  of  200-MW  (400-kV,  500-A)  can  provide  a  flat-top 
pulse  width  of  4.4  ps  with  a  maximum  pulse  repetition  rate  of  120- 
Hz  at  the  full  power  level.  For  a  good  stability  of  electron  beams, 
the  pulse-to-pulse  flat-top  voltage  variation  of  a  modulator  requires 
less  than  0.5%.  In  order  to  achieve  this  goal,  we  stabilized  high- 
voltage  charging  power  supplies  within  1%  by  a  phase  controlled 
SCR  voltage  regulator.  In  addition,  we  employed  ac/dc  feedback 
together  with  a  resistive  De-Q’ing  system  to  achieve  far  less  than 
0.5%  variation  of  the  PFN  charging  voltage.  This  paper  presents 
the  main  features  of  the  klystron-modulator  system  and  the 
characteristics  of  the  pulsed  high-power  RF  system  performance 
during  the  beam  injection  operation  for  the  Pohang  Light  Source 
commissioning. 

1.  INTRODUCTION 

PLS  linac  has  been  injecting  2-GeV  electron  beams  to  the 
Pohang  Light  Source  (PLS)  storage  ring  as  a  part  of  the  ring 
commissioning  operation  since  September,  1994  [1].  The  linac 
klystron-modulator  (K&M)  system  has  been  in  operation  well 
before  the  ring  commissioning,  and  the  total  accumulated  high 
voltage  run  time  of  the  oldest  unit  has  reached  beyond  14,000 
hours  [2].  The  K&M  systems  are  normally  operating  in  70  to  80% 
of  the  rated  peak-power  level  to  avoid  the  multipactoring 
phenomena  occasionally  occurred  in  a  random  fashion  for  the 
waveguide  networks  and  accelerating  structures  of  the  hnac  system. 
Considering  total  1 1  K&M  systems  installed  in  the  PLS  linac,  the 
sum  of  all  the  high  voltage  run  time  is  approximately  120,000 
hours. 

In  this  paper,  we  review  overall  system  performance  of  the 
high-power  K&M  system.  A  special  attention  is  paid  on  the 
analysis  of  all  failures  and  troubles  of  the  K&M  system  which 
affected  the  linac  RF  operations  as  well  as  beam  injection 
operations  for  the  period  of  September  1994  to  March  1995. 
During  this  period,  the  machine  has  been  in  the  operational  mode 
for  total  198  days.  Summer  shut-down  (1.5  month)  and  the 
scheduled  maintenance  shut-down  time  are  excluded  in  the 
analysis. 

11.  K&M  SYSTEM  OVERVIEW  AND 
PERFORMANCE 

The  key  features  of  the  K&M  system  design  include  the  3- 
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phase  SCR  controlled  AC-line  power  control,  resonant  charging  of 
the  PFN,  resistive  De-Q’ing,  end-of-line  clipper  with  thyrite  disks, 
pulse  transformer  with  1:17  step-up  turn  ratio,  and  high  power 
thyratron  tube  switching.  The  major  operational  parameters  of  the 
PLS-2(X)-MW  klystron-modulator  system  are  listed  in  Table  1. 
The  details  of  the  system  design  and  performance  characteristics 
are  described  elsewhere  [2]. 


Table  1.  Operation  parameter  summary  for  klystron-modulator. 


Peak  beam  power 

200-MW  max.  (400  kV  @500A) 

Beam  vol.  pulse  width 

ESW  7.5ps,  4.4ps  flat-top 

Pulse  rep.  rate 

120  pps  max.  (currently  30  pps) 

PFN  impedance 

2.64Q  (5%  positive  mismatch) 

Voltage  stabilization 

SCR,  DC  feedback  &  5%  De-Q'ing 

Pulse  transformer 

1 : 17(tum  ratio),  1 .3|iH,Ca:69nF 

Thyratron  switch 

Heating  factor:  46.8x10^, 

8.5  kA  peak  anode  current 

Klystron  tube 

Drive  power:  ~300  W, 
efficiency:40%,  gain:~53dB,  peak 
power: 80/65  MW 
(currently  running  at  50  to  65MW) 

The  shot-to-shot  beam  voltage  stability  is  controlled  by  (l)the 
feedback  of  the  DC  high  voltage  from  PFN  to  SCR  primary  input 
voltage  control  and  (2)the  resistive  De-Q’ing.  SCR  DC  feedback 
provides  less  than  ±0.5%  fluctuation,  and  additional  De-Q’ing 
stabilizes  the  beam  voltage  better  than  ±0.1%  fluctuation  level. 
Fig.  1  shows  the  sample  traces  of  the  beam  voltage  accumulated 
more  than  an  hour  which  exhibits  less  than  ±0.1%  fluctuation. 

For  the  fault  free  stable  operation  of  the  system,  the  thyratron 
tube  is  one  of  the  most  important  active  components  which  require 
continuous  maintenances  and  adjustments.  The  thyratron  tubes 
which  meet  the  PLS-200-MW  system  specifications  are  listed  in 
Table  2  together  with  their  specifications.  nT/F-303  and  Litton/L- 
4888  are  installed  in  our  system,  and  the  performance  evaluations 
are  underway.  EEV/CX-1836A  will  be  installed  also  for  the 
comparison.  This  effort  is  initiated  to  improve  the  system  from  the 
frequent  occurring  faults  (see  Fig.  2)  caused  by  the  irregular 
recovery  action  of  the  thyratrons,  which  strongly  depends  upon  the 
reservoir  control. 

There  are  three  types  of  system  interlocks,  namely  dynamic, 
static,  and  personal  protection  interlocks.  All  the  static  fault 
activation  is  initiated  by  the  relay  logic  circuit,  and  the  dynamic 
faults  which  require  a  fast  action  response  are  activated  using  the 
electronic  comparator  circuit.  When  the  system  operation  is 
interrupted  by  the  static  fault,  it  can  be  recovered  either  by  the 
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remote  control  computer  or  manual  reset.  However,  we  have  been 
performing  all  manual  resets  for  the  purpose  of  the  experience 
accumulation,  such  as  to  find  the  type  of  troubles  and  system  bugs 
which  can  provide  the  idea  of  the  system  improvement.  The 
statistical  analysis  of  the  machine  availability  presented  in  this 
paper  is  based  on  the  operation  method  of  the  manual  reset  by  the 
maintenance  crew  only,  without  using  the  remote  computer  control. 
On  the  other  hand,  in  the  case  of  dynamic  faults,  the  system 
recovers  automatically  without  the  help  of  the  control  computer 
when  the  condition  returns  to  a  normal  state. 


Table  2.  Comparison  of  the  thyratron  tubes. 


ITEM 

nr 

Litton 

EEVCX- 

F-303 

L-4888 

1836 A 

Heater  (Vac/A)  max 

6.6/80 

6.7  /  90 

6.6/90 

Reservoir  (Vdc/A)  max 

6.0/20 

5.5/40 

6.611 

Peak  anode  (kV/kA)  for 

50/15 

50/10 

50/10 

Peak  anode  vol.(kV)  inv 

50 

n/c 

50 

Avg.  anode  cur.(A)  max 

8 

8 

10 

min  DC  anode  vol.(kV) 

2 

10 

5 

Heating  factor  (xlO^)  max 

300 

400 

n/c 

dl/dt  (kA/ps)  max 

50 

16 

10 

Anode  delay  (ps)  max 

0.3 

0.4 

0.35 

Trigger  jitter  (ns)  max 

2 

10 

10 

III.  SYSTEM  AVAILABILITY  STATISTICS 

Since  the  completion  of  the  PLS  2'GeV  linac  installation  in 
December  1993,  all  the  K&M  systems  have  been  operating 
continuously  except  scheduled  short  terms  and  a  long  term  summer 
shutdown.  Table  3  shows  the  total  accumulated  times  of  klystron's 
and  thyratron's  heater  operation,  and  the  high  voltage  run.  Sum  of 
the  high  voltage  run  time  of  each  modulator  has  reached  over 
120,000  hours,  and  the  experience  accumulated  so  far  provides  the 


valuable  information  for  the  system's  stable  operation.  Fig.  2  is  the 
Pareto  chart  of  the  total  system’s  static  fault  count  data  collected  for 
the  period  of  September  1994  to  March  1995.  Net  operation  days 
during  this  period  is  198.  As  mentioned  in  the  previous  section,  the 
reset  has  been  done  by  the  maintenance  crew  only,  and  the  most  of 
nights  and  weekends  during  the  198-days,  no  extra  maintenance 
work  has  been  performed.  Therefore  the  down  time  for  the  circuit 
breaker  ((DCB)  trip  which  occurred  the  most  frequently  is  unusually 
high  among  others.  Other  faults,  such  as  fan((D)  and  key  switch(®) 
are  due  mainly  to  faulty  components,  which  no  longer  occur  in  any 
appreciable  numbers  after  the  replacement. 


Table  3.  Accumulated  run  times  (in  hours)  of  the  PLS  2-GeV 
Linac's  K&M  systems  (total  1 1  sets);  on  April  21 , 1995. 


Unit  No. 

H.V.  run  time 

Kly.  heater 

Thyratron 

MK-01 

11,498 

13,435 

13,639 

MK-02 

14,025 

13,111 

13,252 

MK-03 

12,710 

13,376 

15,464 

MK-04 

11,784 

13,326 

13,541 

MK-05 

11,137 

12,719 

13,215 

MK-06 

11,135 

12,284 

3,135  (*1) 

MK-07 

10,040 

11,456 

12,246 

MK-08 

10,966 

12,276 

12,189 

MK-09 

9,879 

11,320 

11,730 

MK-IO 

9,784 

11,138 

7,758  (*2) 

MK-11 

9,848 

11,251 

4,908  (*1) 

*1)  Thyratrons  replaced  with  L-4888  due  to  the  failure  of  F-303. 
*2)  Thyratrons  replaced  with  F-241  due  to  infant  failure  of  F-303. 


Machine  availability  analysis  has  been  performed  based  on  the 
data  using  the  techniques  described  in  detail  in  reference  [4].  The 
results  are  summarized  and  compared  with  the  SLAC's  in  Table  4. 
The  MTBF  stands  for  the  mean  time  between  failures,  and  it  is 
calculated  by  dividing  the  sum  of  the  accumulated  modulator  run 
time  with  the  total  fault  count  {MTBF  =  N^TO/FC).  The  MTTR 
(mean  time  to  repair,  which  is  equal  to  the  total  down  time  divided 
by  total  fault  counts,  MTTR  =  TD/FC)  is  rather  longer  than  the 
SLAC's.  This  excellent  performance  is  due  to  the  extensive 
inspection  work  of  the  entire  system  for  the  trouble  shooting  as  well 
as  crew  training  for  the  system  maintenance.  Especially,  the  lack  of 
the  experience  on  the  thyratron  operations  and  severe  EMI 
environment  have  contributed  a  lot  for  the  longer  MTTR. 

Only  71%  of  the  machine  availability  (A  =  1-MTTR'^FC/TO) 
has  been  obtained  with  the  regular  type  maintenance  of  44-hr-work- 
per-week.  However,  during  the  beam  operation  mode  when  the 
maintenance  crews  are  standby,  approximately  91%  of  availability 
has  been  reached.  It  indicates  most  of  the  system  troubles  are  not 
so  serious,  and  in  many  cases  they  are  easily  recoverable. 


Fig.  1.  The  flat-top  ripple  and  the  cumulative  (>1  hr)  stability 
measurement  of  the  klystron  beam  voltage  (Tektronix  DSA-602 
signal  analyzer  is  used)  with  DCHV  feedback  &  De-Q'ing. 
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Table  4.  Comparison  of  the  K&M  system  fault  analysis  based  on 
the  data  for  the  period  of  September  1994  ~  March  1995. 


ITEM 

PLS'^ 

SLACy^ 

Number  of  modulators,  N 

11 

243 

Spare  no.  of  modulators 

0 

14 

Operation  time  (hr)*‘,  TO 

4752 

4000 

Total  failure  counts,  FC 

168 

997 

Total  down  time  (hr),  TD 

493  (1150) 

401 

MTBF  (hr) 

311 

975 

MTTR  (hr/failure  count) 

2.6  (6.8) 

0.4 

System  Availability,  A 

0.91  (0.71) 

0.94'3 

*1)  Operation  time  for  the  statistical  analysis. 

*2)  Numbers  in  (  )  indicates  the  standby  RF  operation  mode  without 


extended  hour  maintenance  work  (only  44  hr/week). 

*3)  Standby  spare  unit  included 

IV.  COMMENTS  ON  SYSTEM  TROUBLES 

The  most  frequent  system  fault  is  the  circuit  breaker  (CB)  trip 
as  shown  in  Pareto  chart.  This  is  due  mainly  to  the  problems  in 
thryratron  recovery  actions  which  require  elaborate  reservoir 
rangings.  Thyratron  tubes  of  F- 303  and  L-4888  require  ranging 
adjustment  (see  Table  2).  According  to  our  experience,  they  are 
changing  in  irregular  patterns  such  that  there  exist  no  normal 
patterns  or  pre-symptoms  which  can  be  used  for  the  preventive 
maintenance.  Once  it  is  out  of  normal  operating  point,  Aere  occur 
self-fire,  firing  miss,  or  slow  recovery.  The  CX-1836A  thyratron 
tubes  require  not  so  delicate  ranging  according  to  the  manufacturer's 


PARETO  CHART  OF  PLS  KLYSTRON  MODULATOR  SYSTEM 


Fig .  2.  Pareto  chart  of  the  system  fault  statistics.  Numbers  in  the 
x-axis  indicate  type  of  faults;  1)  CB  trip,  2)  klystron  vacuum,  3) 
cooling  Fan,  4)  thyratron  grid  circuit,  5)  core  bias  current  low,  6) 
key  switch,  7)  DCPS  overvoltage,  8)  magnet  current  low,  9) 
core  bias  current  high,  10)  SCR  gate  hold,  1 1)  ground  hook,  12) 
magnet  temperature  high,  13)  thyratron  heater,  14)  PFN  RC- 
snubber,  15)  SCR  control  board  replace,  16)  De-Q  current  high. 
Solid  circle  indicates  down  times,  and  the  bar  indicates  interlock 
counts. 


specifications,  and  we  are  planning  to  test  them  in  the  near  future. 

Klystron  tubes  also  showed  an  internal  arcing  causing  the 
vacuum  pressure  trip  in  a  random  fashion  (see  @  in  Fig.  2).  When 
this  occurs  in  a  row,  we  could  recover  to  the  normal  operation  after 
performrng  the  short  pulse  processing  (with  approximately  1  ps 
pulse  width)  for  more  than  one  day. 

Other  fiequently  occurred  troubles  are  caused  by  the  corona 
discharges.  They  occur  when  bad  contacts  exist  in  high  voltage 
con^ronents,  especially  for  the  components  which  are  connected  by 
the  spring  action  sockets.  It  has  been  found  also  that  even  a  small 
corona  discharge  disturbs  the  ground  potential,  which  are 
configured  to  have  a  single  point  ground  connection  inside  the 
modulator,  causing  noise  interferences  in  digital  displays  as  well  as 
SCR  phase  controls.  Occasionally,  this  kind  of  EMI  also  affects 
LCD  type  displays  of  the  nearby  electronic  equipment  without 
affecting  the  performance,  which  became  one  of  the  normal  check 
points  for  the  systems. 

V.  SUMMARY 

It  is  approximately  10  months  since  the  PLS  2-GeV  Linac  has 
started  its  normal  operation.  We  have  analyzed  the  klystron 
modulator  system's  performance  record  for  the  period  of  the  recent 
six  months.  It  is  observed  that  the  reUability  of  klystrons  is  well 
over  oiu:  expectations  compared  with  other  components  in  the 
modulators.  The  life  time  of  thyratron  tubes  appears  to  be 
reasonable  except  the  occurrence  of  infant  failures.  However,  the 
major  improvement  is  necessary  for  the  reservoir  control  which  is 
the  main  source  of  system  troubles.  The  machine  availability 
statistics  of  tbe  K&M  system  for  the  beam  operation  mode  (typically 
2  operators  are  on-duty)  is  calculated  to  be  over  90%.  It  appears 
to  us  that  there  are  still  lots  of  rooms  for  the  improvement  toward 
the  availability  more  than  95%  with  proper  choices  of  the  protection 
circuits  and  control  logic. 
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Abstract 

The  Advanced  Photon  Source  (APS)  linac  requires  five 
100-MW  modulators  to  achieve  its  required  energy.  In-house 
construction  of  these  modulators  was  under  an  extremely  com¬ 
pressed  time  schedule  and,  while  the  original  design  was  suc¬ 
cessful,  it  had  a  few  shortcomings.  The  operation  of  the 
modulators  was  hindered  by  excessively  sensitive  controls  and 
overheating  during  the  hot  summer  months.  The  system 
underwent  minor  changes  that  resulted  in  major  improvements. 
Additionally,  improvements  have  been  made  to  the  high  volt¬ 
age  circuits  to  improve  the  rise  time  of  the  output  pulse  shape, 
reduce  the  initial  ringing  of  the  pulse,  and  enhance  the  reliabil¬ 
ity  of  the  system.  This  paper  will  outline  the  changes  and 
explain  the  results  of  the  improvements. 

1.  SYSTEM  UPGRADES 

There  were  three  primary  changes  made:  repackaging  of 
components,  changes  to  the  control  electronics,  and  elimina¬ 
tion  of  cabling  connecting  the  thyratron  switch  to  the  pulse 
forming  network  (PFN).  All  these  changes  have  been  executed 
on  the  five  modulator  systems  used  for  the  APS  linac. 

A.  Repackaging  of  Components 

The  system  was  repackaged  to  improve  cooling  of  the 
components,  high  voltage  performance,  and  maintainability  of 
the  modulator.  Seven  control  chassis  were  removed  from  the 
cabinet  that  housed  the  main  power  supply  for  the  modulator. 
These  chassis  generated  a  constant  4-5  KW  of  waste  heat 
within  the  cabinet,  occupied  a  large  amount  of  space,  and 
restricted  the  airflow  through  the  cabinet.  By  removing  several 
substantial  heat  sources  and  improving  the  airflow  within  the 
modulator,  the  air  temperature  was  reduced  by  approximately 
25-40°  C.  The  amount  of  actual  temperature  reduction 
depends  primarily  upon  weather-related  factors. 

The  removal  of  these  heat  sources  also  allowed  more  room 
for  the  remaining  components.  With  the  additional  space  it 
was  possible  to  increase  cooling  of  critical  components  by 
increasing  airflow.  This,  in  turn,  allowed  removal  of  insulation 
sheets  which  collected  dust,  required  downtime  to  clean,  and 
represented  a  source  of  fuel  in  the  case  of  fire.  As  an  added 
benefit,  several  system  control  chassis  were  now  more  accessi¬ 
ble  since  they  were  outside  the  high  voltage  cabinet. 

B.  Changes  to  the  Control  Electronics 

The  second  purpose  for  the  upgrade  was  to  eliminate 
many  of  the  unnecessary  modulator  controls.  The  first  change 


*  Work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 


made  during  the  upgrade  was  to  replace  the  existing  interface 
with  a  more  robust  interface.  In  the  initial  design  there  was 
insufficient  filtering  and  clamping  of  the  input  signals  to  the 
control  system.  During  the  upgrade,  additional  filtering  and 
clamping  were  added  to  the  input  circuits.  This  simple  change 
decreased  failure  and  false  alarms  by  15-20%. 

The  original  philosophy  of  the  system  was  reevaluated. 
Initially  the  response  of  almost  any  slight  irregularity  was  to 
trip  the  modulator  to  a  state  where  operator  intervention  was 
required.  Presently  the  system  shuts  off  only  if  the  system  that 
is  out  of  tolerance  would  cause  damage  to  equipment  or  would 
present  an  operation  that  is  unsafe  for  personnel.  In  many 
cases  all  that  is  issued  is  an  alert  message  for  the  operator  to 
notify  the  engineering  staff. 

The  klystron  focus  current  and  heater  power  are  both 
excellent  examples  of  this  change.  The  focus  current  was 
required  to  be  above  a  set  minimum  to  prevent  damage  to  the 
klystron  and  below  a  maximum  value  to  protect  the  current 
capacity  of  the  focus  magnet.  Initially,  the  focus  supply  was 
controlled  to  within  ±5%.  The  system  was  changed  to  only  trip 
when  the  current  went  too  low,  and  the  focus  magnet  was  pro¬ 
tected  by  a  set  of  fuses.  Since  this  change  was  implemented, 
there  has  not  be  a  single  failure  or  trip.  The  same  rethinking 
process  resulted  in  a  different  result  in  the  filament  supplies.  In 
that  case  very  little  damage  can  occur  if  the  filament  is  slightly 
low  but  the  life  of  the  various  tubes  are  severely  reduced  by 
exceeding  the  rated  power  of  the  heaters.  Therefore,  if  heater 
power  is  low,  the  system  only  generates  an  alert  to  the  opera¬ 
tors  who  log  the  alert.  Engineers  can  then  assess  the  problem 
without  bringing  down  the  modulator.  If  the  heater  power  is 
too  high,  a  fault  is  generated  and  an  immediate  response  is 
required. 

The  first  two  categories  of  upgrades  resulted  in  improve¬ 
ments  in  operational  reliability.  Previously,  operation  was 
dominated  by  the  false  alarms  or  noise  generated  by  the  control 
system.  Currently,  the  false  alarms  from  the  control  system 
have  been  nearly  eliminated  and  the  system  is  exceeding  the 
reliability  requirements  of  the  project  more  than  99%  of  the 
time.  This  is  up  fi:om  previous  statistics  of  about  90%  reliabil¬ 
ity,  which  was  unacceptable. 

C,  Elimination  of  Cabling 

The  final  issue  that  was  dealt  with  was  the  output  pulse.  In 
three  of  the  five  modulators,  the  output  of  the  klystron  feeds  a 
pulse  compression  device.  The  gain  of  the  pulse  compression 
device  is  partially  determined  by  pulse  width  of  the  signal 
feeding  the  unit.  Any  pulse  width  that  is  wasted  by  a  poor  rise 
time  will  reduce  the  gain  of  the  compression  unit.  The  rise 
time  of  the  output  pulse  is  greatly  affected  by  three  parameters. 
The  first  two  are  the  inductance  and  stray  capacitance  of  the 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1559 


interconnecting  cables  and  the  system,  and  the  third  is  the  leak¬ 
age  inductance  of  the  main  pulse  transformer.  There  is  very  lit¬ 
tle  that  can  be  done  to  eliminate  the  leakage  inductance  of  a 
transformer.  Neither  is  stray  capacitance  within  the  cabinet 
easily  changed  since  the  cabinets  already  exist  and  presently 
fill  the  available  space.  Therefore,  the  only  practical  solution 
was  to  eliminate  some  cables. 

In  the  original  configuration,  coaxial  cables  (RG-220) 
were  used  to  connect  the  main  switch  tube  to  the  PFN.  These 
cables  were  eliminated  by  mounting  the  thyratron  within  the 
PFN  cabinet.  This  change  resulted  in  an  improved  rise  time 
from  more  than  1.2|is  prior  to  the  upgrade  to  about  0.8|lis  after 
the  upgrade.  This  is  a  widening  of  the  pulse  of  more  than  10%. 
As  an  added  benefit,  there  are  now  two  fewer  cables  that  might 
fail.  In  the  past,  these  cables  contributed  substantially  to  the 
failure  rate.  Figures  1  and  2  compare  the  output  pulse  before 
and  after  the  upgrade. 


The  pulse  width  was  also  increased  by  simply  changing 
the  configuration  of  the  inductors  in  the  PFN.  The  PFN  was 
rewired  so  that  the  magnetic  field  of  the  coils  aided  the  next 
coil  to  increase  the  inductance  within  the  PFN.  This  resulted 
in  an  increased  pulse  width  of  about  0.5|xs  to  0.7|is. 

As  noted  in  Fig.  3,  the  initial  overshoot  of  the  pulse  is 
100%.  A  simple  RC  filter  network  was  designed  and  installed 
directly  across  the  primary  of  the  output  transformer.  The  ring¬ 


ing  of  the  output  pulse  of  about  20%  as  configured  is  shown  in 
Fig.  4.  This  additional  circuit  was  modeled  with  great  detail 
using  SPICE  and  the  model  results  matched  nearly  exactly  to 
the  implemented  results.  It  should  be  noted  that  there  are  very 
few  detrimental  effects  on  the  rise  time  of  the  output  pulse. 


II.  CONCLUSIONS 

Great  improvements  have  been  made  to  the  klystron  mod¬ 
ulators  in  the  APS  linac.  Reliability  of  the  system  has 
improved  from  an  initial  availability  of  90%  to  better  than 
99%.  The  pulse  rise  time  has  improved  while  at  the  same  time 
the  overshoot  has  been  reduced.  In  addition,  maintainability 
has  improved  with  the  increased  accessibility  of  the  system. 
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Abstract 

In  multi-TeV  linear  colliders,  overall  accelerator  length  can  be 
kept  reasonable  only  if  a  high  value  of  accelerating  field  is  cho¬ 
sen,  and  this  implies  a  relatively  high  value  of  rf  frequency  in 
order  to  avoid  excessive  dark  current.  We  consider  the  feasi¬ 
bility  of  developing  30  GHz  gyroklystron  amplifiers.  Amplifier 
output  would  be  at  the  fourth  harmonic  of  the  electron  cyclotron 
frequency  to  keep  the  magnetic  field  small  (Bq  =  4.3  kG).  Effi¬ 
ciency  would  be  maximized  both  by  a  scheme  of  doubling  the 
amplifier  input  frequency  in  two  stages  and  by  using  depressed 
collectors.  We  estimate  that  output  power  in  a  single  amplifier 
would  be  >80  MW  with  overall  electronic  efficiency  ^66%. 
With  a  high  degree  of  pulse  compression  (32X),  1800  such  am¬ 
plifiers  would  drive  a  3  TeV  collider. 

1.  INTRODUCTION 

The  design  study  of  future  linear  colliders  which  was  car¬ 
ried  out  at  the  Snowmass  Workshop  in  1990  included  consid¬ 
eration  of  a  collider  with  final  energy  Uj  =  3.0  TeV,  and  ac¬ 
celerating  gradient  Ea  =  100  MV/m  [1].  To  avoid  excessive 
dark  current  emission  in  the  accelerator  at  this  value  of  E a,  a 
relatively  high  value  of  rf  frequency  was  chosen;  i.e.,  30  GHz. 
We  note  that  a  similar  frequency  has  been  chosen  for  the  two- 
beam,  CLIC  accelerator  design  at  CERN  [2].  In  this  paper,  we 
consider  the  alternative  of  developing  individual  30  GHz  am¬ 
plifier  tubes;  larger  efficiency  may  be  realizable  in  individual 
microwave  tubes  than  with  a  two-beam  arrangement. 

The  advantage  of  using  a  high  rf  frequency  is  clear  if  the 
pulsed  microwave  energy  from  each  amplifier  can  be  made  com¬ 
parable  to  pulsed  energy  obtainable  from  lower  frequency  am¬ 
plifiers.  In  Eq.  (1),  an  expression  is  given  for  Nt,  the  number 
of  microwave  amplifiers  required  to  drive  a  collider  with  given 
final  energy  U f  and  accelerating  gradient  Ea\  viz.  [3] 

Nt  «  1.7  X  (1) 

PpTpnc 

where  mks  units  are  used,  and  A,  pp,  and  Tp  are,  respectively, 
the  operating  wavelength,  the  peak  output  power  and  the  output 
pulse  duration  of  a  single  microwave  amplifier;  7]c  is  the  effi¬ 
ciency  of  any  pulse  comparison  circuit  that  is  used. 

It  should  be  noted  that  a  new  pulse  compression  scheme  is 
being  studied  at  SLAG  [4]  which,  if  successful,  would  keep  t/c 
large  even  when  there  is  a  high  degree  of  pulse  compression. 
In  line  with  the  most  optimistic  projections  of  the  SLAG  study, 
we  consider  pulse  compression  by  a  factor  Cr  =  32  and  a  cor¬ 
responding  compression  efficiency  of  rjc  =  80%;  at  30  GHz, 
Cr  =  32  implies  that  the  amplifier  output  would  have  a  pulse 
duration  of  Tp  =  0.7  //s.  Then  if  one  could  achieve  an  amplifier 


output  power  of  80  MW,  the  number  of  amplifiers  required  to 
drive  a  3  TeV  collider  with  Ea  =  100  MV/m,  can  be  cdculated 
fromEq.  (1)  as  At  =  1800. 

In  contrast,  one  can  consider  the  case  of  a  3  GeV  collider 
driven  by  11.4  GHz  klystrons  with  output  power  50  MW  and 
pulse  duration  1.5//S.  The  acceptable  value  of  Ea  would  then  be 
limited  to  <-^50  MV/m,  making  the  collider  twice  as  long.  More¬ 
over,  the  number  of  amplifiers  required  would  be  Nt  =  3600. 


11.  A  PROPOSED  30  GHz,  FOURTH-HARMONIC 
GYROKLYSTRON 

When  considering  what  type  of  amplifier  to  choose  at 
30  GHz,  the  gyroklystron  stands  out  as  a  preferred  choice.  Gy- 
roklystrons  have  been  successfully  operated  with  cavities  reso¬ 
nant  in  high  order  modes,  and  with  drift  spaces  which  are  not 
cut-off.  In  general,  as  gyroklystrons  are  scaled  to  higher  fre¬ 
quency,  their  transverse  dimensions  can  remain  large  by  choos¬ 
ing  resonant  modes  of  higher  order  in  the  cavities,  and  by  taking 
measures  to  stabilize  the  drift  spaces  against  a  larger  number  of 
potential  instabilities.  Thus,  the  power  rating  of  gyroklystrons 
does  not  need  to  decrease  as  frequency  is  raised. 

A  20  GHz  gyroklystron  has  already  been  demonstrated  with 
output  power  Pp  =  32  MW,  and  Tp  =  0.8  /is  [5].  The  output  cav¬ 
ity  was  driven  at  10  GHz  near  the  electron  cyclotron  frequency, 
u)ce*  and  the  output  cavity  operated  at  the  second  harmonic;  ef¬ 
ficiency  was  28%.  A  more  powerful  gyroklystron  with  second 
harmonic  output  cavity  and  design  values  of  Pp  ^  100  MW  at 
17.4  GHz  is  under  construction;  a  co-axial  circuit  is  being  used 
to  increase  stability  against  spurious  oscillations  [6].  Efficiency 
as  high  as  42%  has  been  calculated  [7]. 

We  now  consider  the  feasibility  of  a  30  GHz  gyroklystron 
with  desirable  parameters  for  application  to  driving  a  3  TeV 
collider.  It  would  be  advantageous  to  operate  the  output  cavity 
at  the  fourth  harmonic  of  ujce  so  as  to  minimize  the  solenoidal 
magnetic  field  requirement.  In  its  simplest  embodiment,  the  gy¬ 
roklystron  circuit  would  be  made  up  of  three  cavities,  the  input 
cavity  operating  at  cj  «  Uce,  the  center  cavity  at  a;  «  2u;ce»  and 
the  output  cavity  at  w  «  4uce^,  modes  in  the  three  cavities  might 
be  TEoii,  TEo2i,  and  TE041.  Efficiency  which  can  be  achieved 
with  such  a  two-stage  multiplication  of  frequency  is  much  larger 
than  efficiency  in  an  amplifier  which  transitions  from  the  funda¬ 
mental  frequency  to  the  fourth  harmonic  in  a  single  stage  [8]. 

A  recent  calculation  [8]  of  the  maximum  electronic  efticiency 
which  can  be  achieved  in  such  a  staged  frequency  quadrupling 
gyroklystron  indicates  that  an  electronic  efficiency  rfe  «  30%, 
is  achievable  for  a  gyroklystron  electron  beam  with  aspect  ratio 
vj_/v^\  =  1.5  and  parallel  velocity  spread  At;||/t;||  <  6%.  In 
the  500  kV  electron  gun  built  for  the  17.1  GHz  gyroklystron  [6], 
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Figure  1.  Schematic  of  a  fourth-harmonic  gyroklystron  includ¬ 
ing  depressed  collector. 

At;||/t;||  ^  6%  is  achievable  for  beam  current  h  ^  600  A.  Very 
preliminary  attempts  [7]  to  design  a  specific  fourth  harmonic  gy¬ 
roklystron  circuit  have  produced  calculated  values  of  r)e  =  13%. 


[2]  H.  Braun,  et  al.,  “CLIC  -  a  compact  and  efficient  high  en¬ 
ergy  e+e“  linear  collider,”  these  proceedings. 

[3]  V.L.  Granatstein  and  G.  S.  Nusinovich,  Proceedings  of  the 
TFFF  Particle  Accelerator  Conference,  Washington  DC, 
May  17-20, 1993,  pp.  2572-2575. 

[4]  S.G.  Tantawi  et  al.,  “Active  radio  firequency  compression 
using  switched  delay  lines,”  these  proceedings. 

[5]  H.W.  Mathews  et  al.,  IEEE  Trans.  Plasma  Sci.  22,  825 
(1994). 

[6]  J.  Calame  et  al.,  “Design  of  100  MW,  two-cavity  gy- 
roklystrons  for  accelerator  applications,”  these  proceed¬ 
ings. 

[7]  W.  Lawson  et  al.,  “Design  of  three-cavity,  co-axial,  gy¬ 
roklystron  circuits  for  linear  collider  applications,”  these 
proceedings. 

[8]  G.S.  Nusinovich  and  O.  Dumbrajs,  Phys.  Plasmas  2,  568 
(1995). 

[9]  M.  Read  et  al.,  IEEE  Trans.  Electron.  Dev.  37,  1579 
(1990). 

[10]  G.G.  Denisov  et  al.,  Int.  J.  Electron.  72, 1079  (1992). 

[11]  A.  Singh  et  al,,  Int.  J.  Electron.  72, 827  (1992). 


III.  EFFICIENCY  ENHANCEMENT  BY  USING 
A  DEPRESSED  COLLECTOR 

To  enhance  efficiency  over  the  single-pass  values  of  T]e  cited 
above,  one  can  employ  depressed  collectors.  A  numerical 
study  of  depressed  collectors  for  a  gyroklystron  with  30  MW 
output  power  has  been  carried  out  [9]  with  results  summa¬ 
rized  in  Table  I  where  i]c  is  the  collective  efficiency  and  rjt  - 
7/e/  (1  -  7?c(l  -  'He))  IS  the  total  electronic  efficiency.  Note  that 
even  with  only  two  electrodes  in  the  depressed  collector  a  sin¬ 
gle  pass  efficiency  7/e  near  30%  results  in  a  total  electronic  effi¬ 
ciency  7/t  ~  60%. 

Figure  1  is  a  schematic  of  a  three-cavity  gyroklystron  with 
a  multi-electrode  depressed  collector.  A  three  electrode  mag¬ 
netron  injection  gun  is  used  so  that  dc  power  supplies  can  be  em¬ 
ployed  in  the  collector  circuits  with  the  beam  current  controlled 
by  applying  voltage  pulses  to  the  mod  anode.  Also  shown  is  a 
microwave  output  coupler  of  the  Vlasov  type  which  couples  mi¬ 
crowave  energy  out  through  a  window  mounted  on  the  sidewall 
of  the  gyroklystron  [10];  thus,  the  microwave  energy  does  not 
enter  the  collector  structure  where  it  would  constrain  collector 
design.  Finally,  it  will  be  noted  that  a  beam  conditioning  sec¬ 
tion  precedes  the  depressed  collector;  such  a  section  provides 
magnetic  fields  which  convert  transverse  energy  to  axial  energy, 
and  has  been  used  to  advantage  in  combination  with  gyrotron 
depressed  collectors  [11]. 

The  operating  parameters  of  a  30  GHz  gyroklystron  which 
might  be  achieved  in  the  future  are  estimated  to  be  those  dis¬ 
played  in  Table  2.  Such  performance  would  merit  consideration 
in  planning  a  3  TeV  collider. 
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Table  I.  Efficiency  of  gyroklystrons  with  multiple  stage 
depressed  collectors. 


Single-pass 

electronic 

No.  of  collector  electrodes 

efficiency 

2 

3 

4 

Ve 

»7c  rjt 

ric  T)t 

Vc  nt 

10% 

79%  35% 

85%  43% 

86%  44% 

20% 

76%  51% 

82%  58% 

84%  61% 

30% 

74%  62% 

81%  69% 

83%  72% 

Table  II.  Estimated  operating  parameters  that  might  be 
achieved  in  a  30  GHz  gyroklystron. 


e-beam  energy 
e-beam  current 

7/e,  single  pass  electronic  efficiency 
Fp ,  microwave  output  power 
7/c,  depressed  collector  efficiency 
Tjt,  total  electronic  efficiency 
Tp ,  microwave  pulse  duration 
/in ,  input  frequency 
Bo,  solenoidal  magnetic  field 
/out,  output  frequency 


500  keV 
600  A 
28% 

84  MW 

80%  (3  electrodes) 


0.7  //s 
7.5  GHz 
4.3  kG 
30  GHz 
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Abstract  The  electron  gun  was  constructed  atVarian  Associates 

and  is  now  in  our  possession,  awaiting  final  installation  and 
We  present  designs  for  gyroklystron  amplifiers  capable  of  testing.  Simulations  indicate  that  the  new  gun  can  produce  a 


producing  100-150  MW  of  output  power  in  1-2  |jls  pulses. 
For  accelerator  applications  we  plan  to  employ  a  second 
harmonic  output  cavity  operating  at  17.136  GHz.  Initial 
experiments  to  test  our  new  beam  production  and  transport 
facilities  will  involve  energy  extraction  from  the  fundamental 
cyclotron  harmonic  at  8,568  GHz.  In  both  cases  the 
microwave  circuits  employ  coaxial  cavities  and  drift  tubes  to 
limit  spurious  oscillations  and  cavity  cross-talk. 

1.  INTRODUCTION 

Our  group  at  the  University  of  Maryland  has  been 
examining  the  possibility  of  using  gyroklystrons  to  energize 
future  linear  electron-positron  colliders  for  the  past  several 
years.  Previously  we  have  produced  approximately  30  MW  of 
output  power  in  1  [is  pulses  at  both  9.85  and  19.7  GHz,  using 
fundamental  and  second  harmonic  output  cavities, 
respectively  [1,2].  All  these  experiments  employed  a  beam 
power  near  100  MW  and  efficiencies  ranged  from  28-35  %. 
In  order  to  meet  the  projected  100-150  MW  power  level 
requirements  needed  for  collider  applications,  we  are 
upgrading  our  experimental  facilities  to  produce  a  400  MW 
electron  beam.  New  coaxial  microwave  circuits  with  17.136 
GHz  second  harmonic  output  cavities  will  be  described  below, 
along  with  plans  for  an  initial  8.568  GHz  fundamental 
experiment. 

IL  EXPERIMENT  DESCRIPTION 

The  electron  beam  for  the  experiments  is  produced  by  a 
single  anode  magnetron  injection  gun,  powered  to  500  kV  at 
up  to  800  A  by  a  line  type  modulator.  This  modulator  is  a 
reconstructed  version  of  our  existing  400  A  device;  the  extra 
current  is  produced  by  an  increase  in  the  number  of  pulse 
forming  networks  from  4  to  8.  Additionally,  in  the  older 
system  only  250  A  was  available  for  the  electron  beam  since 
the  remainder  of  the  current  powered  a  modulation  anode  via 
a  resistive  divider.  In  the  new  configuration  the  entire 
modulator  output  is  available  to  the  gun.  The  new  modulator 
has  been  completely  constructed  and  tested.  A  representative 
voltage  vs.  time  pulse  for  a  resistive  load  is  shown  in  Fig.  1. 
It  is  characterized  by  a  1.5  \i$  rise  time  and  1.5  \xs  flat-top 
time.  We  expect  the  pulse  to  be  considerably  smoother  when 
the  gun  is  connected  to  the  system,  due  to  the  filtering  action 
of  the  gun  capacitance. 
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beam  with  an  average  alpha  of  1.5  and  a  velocity 
below  10%  over  the  full  range  of  currents.  Over  the  lower 
current  range  of  0-500  A,  the  spread  remains  below  6%.  The 
final  beam  has  an  average  guiding  center  radius  of  2,56  cm 
and  a  total  beam  thickness  of  1.26  cm.  A  diagram  of  the 
electrode  geometry  and  representative  orbits  is  displayed  in 
Fig.  2.  Filament  power  for  the  gun  is  expected  to  be  1200  W 
or  less. 


Time  (|iis) 

Figure  1.  Modulator  output  pulse 

The  microwave  circuit  under  test  is  located  within  an 
existing  set  of  seven  water  cool  pancake  coils.  These  coils, 
plus  an  additional  large  coil  located  around  the  gun  at  the 
axial  position  of  the  cathode,  create  a  central  field  near  5.1 
kG  and  a  circuit  to  cathode  magnetic  compression  ratio  of 
8.8.  Considerable  tapering  of  the  magnetic  field  profile  is 
also  possible  in  this  configuration.  We  are  currently 
performing  measurements  of  magnetic  field  as  a  function  of 
position  prior  to  installation  of  the  gun;  this  should  allow 
more  accurate  modeling  of  the  electron  trajectories  than 
simply  using  theoretical  magnet  coil  profiles.  Located 
between  the  electron  gun  and  the  microwave  circuit  is  the  gun 
downtaper,  a  conical  vacuum  vessel  lined  with  lossy 
dielectrics  of  various  compositions  and  thicknesses  to 
suppress  spurious  (mainly  TEim  and  TE2in)  oscillations.  A 
close-up  of  a  typical  microwave  circuit  is  shown  in  Fig.  3.  In 
this  diagram  the  beam  flows  into  the  TEqh  input  cavity, 
which  has  a  pair  of  input  windows  and  coupling  slots  located 
on  opposite  sides  of  the  cavity  and  driven  in  phase.  This 
arrangement  helps  produce  good  coupling  to  the  low-Q 
(about  50)  cavity  and  provides  considerable  immunity  to  the 
excitation  of  unwanted  modes.  The  cavity  itself  is  formed  by 
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a  decrease  in  the  inner  conductor  radius  from  the  normal  1.83 
cm  to  1. 1  cm,  over  a  length  of  2.29  cm.  Lossy  dielectrics  line 
on  the  cavity  endwalls.  We  will  drive  the  input  cavity  with  a 
150  kW,  3  |Xs  microwave  pulse  from  a  magnetron.  The  input 
waveguide  system  will  be  filled  with  SFe  to  discourage 
breakdown  at  the  waveguide  to  window  interface. 


Axial  location  (cm) 

Figure  2.  Diagram  of  the  gun  electrodes  and  electron 
trajectories 

The  drift  tube  is  lined  with  lossy  dielectrics  on  both  the 
inner  and  outer  conductors.  The  inner  and  outer  beam  tunnel 
radii  are  1.83  and  3.33  cm,  respectively.  On  the  outer 
conductor  there  are  two  concentric  layers  of  material,  with 
the  inner  layer  consisting  of  carbon  impregnated  aluminum 
silicate  (CIAS)  and  the  outer  layer  made  from  80%  BeO-20% 
SiC.  The  inner  conductor  is  lined  by  alternating  regions  of 
CIAS  and  the  BeO-SiC  material.  Calculated  values  of 
attenuation  per  unit  length  associated  with  a  variety  of  hybrid 
n=l  modes  in  this  structure  are  shown  in  Fig.  4.  Further 
theoretical  analysis  based  on  these  results  indicates  that  this  9 
cm  long  configuration  should  reduce  the  quality  factors  of  all 
spurious  drift  tube  modes  to  below  15  over  the  0-25  GHz 
range.  More  importantly,  the  quality  factors  are  below  5  at 
those  frequencies  where  the  fundamental  or  second-harmonic 
beam  lines  intersect  with  the  dispersion  curves  associated 
with  electromagnetic  modes. 


Figure  3.  Diagram  of  the  microwave  circuit,  shown  here  with 
the  gun  downtaper,  first  uptaper,  and  the  fundamental  output 
cavity. 


Because  we  are  retrofitting  these  tubes  into  an  existing 
horizontal  system,  the  inner  conductor  is  supported  by  pins 
located  on  each  side  of  the  dielectrically  lined  region  (after 
the  input  cavity  and  before  the  output  cavity).  The  pins  will 
intercept  no  more  than  3%  of  the  electron  beam.  Ultimately 
we  will  use  diamond  pins  (with  tantalum  cores  for  charge 
removal),  but  initially  we  will  use  2  mm  diameter  tungsten 
pins.  Calculations  indicate  that  the  tungsten  will  withstand 
the  beam  heating  at  0.5  Hz.  Higher  repetition  rates  will 
require  the  use  of  the  diamond.  Of  course,  in  a  production 
tube  for  linear  collider  applications,  one  would  employ  a 
vertical  arrangement  in  which  the  inner  conductor  hangs 
down  from  radial  vane  supports  located  beyond  the  beam 
dump.  This  arrangement  may  also  be  combined  with  an 
inverted  magnetron  injection  gun  geometry  for  added  inner 
conductor  support. 

Initial  designs  for  a  TFq2  second  harmonic  output  cavity 
operating  at  17,136  GHz  have  been  completed.  A  diagram  of 
the  cavity  appears  in  Fig.  5.  It  is  formed  by  increasing  the 
outer  drift  tube  radius  to  3.65  cm  over  a  3  cm  transition 
length,  followed  by  a  0.64  cm  long  flat  section.  The  energy  is 
extracted  through  an  axial  output  lip  of  0.1  cm  length  and 
3.58  cm  radius,  with  a  1  cm  long  transition  region  between 
the  lip  and  the  cavity  body.  All  of  the  transitions  are  smooth 
to  minimize  mode  conversion.  This  geometry  exhibits  a  Q  of 
530  and  a  forward  to  reverse  power  ratio  of  24  dB. 
Theoretical  modeling  predicts  an  efficiency  of  35%  with  the 
expected  beam  velocity  spread  of  6%.  Higher  efficiencies 
should  be  achievable  with  the  use  of  a  buncher  cavity.  Start 
oscillation  studies  predict  that  this  design  is  marginally  stable 
to  TEim  modes  at  500  A;  we  plan  to  further  explore  mode 
competition  in  this  geometry  with  a  multi-mode  code.  We 
are  also  currently  investigating  the  tradeoffs  between  stability 
and  efficiency  in  this  style  of  cavity. 


Frequency  (GHz) 

Figure  4.  Attenuation  per  unit  length  of  the  drift  tube  to 
various  n=l  hybrid  modes. 

We  are  also  considering  a  complex  TE02/TE03  second 
harmonic  cavity  with  an  overall  physical  length  of  10.6  cm,  a 
Q  of  295,  a  forward  to  reverse  power  ratio  of  36.5  dB,  and  an 
output  radiation  purity  of  96%  TE03.  It  is  formed  by  a  variety 
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of  smooth  and  abrupt  transitions  on  both  the  inner  and  outer 
conductors.  This  design  is  considerably  more  stable  than  the 
cavity  described  above.  However,  at  present  the  efficiency  is 
only  20%,  which  is  far  too  low  for  practical  applications. 
Further  analysis  has  indicated  that  the  low  efficiency  is 
caused  by  competition  with  third  harmonic  operation,  and 
that  this  can  be  minimized  by  careful  selection  of  the  cavity 
radii  relative  to  the  beam  guiding  center  radius.  Further  work 
to  understand  this  phenomenon  and  improve  efficiency  is 
under  way. 

The  first  tube  to  be  studied  on  our  new  test  bed  will 
actually  employ  a  fundamental  8.568  GHz  TEoi  output  cavity 
(pictured  in  Fig.  3),  This  initial  step  is  required  to  simplify 
the  study  and  suppression  of  any  instabilities  which  may 
occur  in  the  drift  tube  and  gun  downtaper  regions.  The  cavity 
employs  abrupt  transitions,  and  is  realized  by  decreasing  the 
inner  radius  to  1.01  cm  and  increasing  the  outer  radius  to 
3.59  cm.  This  main  section  is  1.7  cm  long,  and  it  is  followed 
by  an  axial  energy  extraction  lip  0.9  cm  in  length  with  the 
same  radii  as  in  the  main  drift  tube.  Simulations  indicate 
that  this  cavity  will  operate  with  nearly  40%  efficiency  at  6% 
velocity  spread  and  600  A  beam  current. 


Figure  5.  Radial  profile  of  the  TE02  second  harmonic  coaxial 
output  cavity. 

The  post-output  cavity  system  is  being  completely  rebuilt 
to  accommodate  the  different  operating  frequencies  and 
higher  power  levels  present  in  the  new  experiments. 
Following  the  outputavity  will  be  a  40  cm  long  nonlinear 
taper  which  will  raise  the  beam  tunnel  diameter  to  12.7  cm, 
at  which  point  the  electron  beam  will  land  in  a  water  cooled 
copper  beam  dump.  An  iron-cored  electromagnet,  located  at 
the  end  of  the  beam  dump,  produces  a  transverse  magnetic 
field  at  up  to  800  G  to  ensure  that  all  electrons  are  collected. 
This  magnet  has  been  constructed  and  tested.  The  output 
radiation  will  pass  though  a  perforated  pumping  manifold 
and  arrive  at  a  12.7  cm  diameter  aluminum  oxide  output 
window  which  will  be  a  half  wavelength  long  at  the 
fundamental  and  a  whole  wavelength  long  at  the  second 
harmonic.  These  windows  have  been  procured  and  are 


currently  being  brazed  into  vacuum  flanges.  The  custom- 
built  pumping  manifold  has  been  completed.  We  will  employ 
two  60  1/s  ion  pumps  to  maintain  the  downstream  vacuum 
during  operation;  two  additional  60  1/s  pumps  will  be  located 
near  the  electron  gun.  We  expect  base  pressures  in  the  low 
10‘^  torr  range,  and  operating  pressures  near  10’^  torr. 

A  number  of  microwave  diagnostics  will  be  used  to  study 
the  output  radiation.  Initially  a  second  nonlinear  uptaper  will 
be  placed  between  the  window  and  an  anechoic  chamber. 
This  uptaper  will  be  about  Im  long  and  will  raise  the 
diameter  to  25.4  cm,  at  which  point  the  radiation  electric 
field  will  be  below  the  breakdown  limit  of  air.  The  taper 
itself  will  be  filled  with  SFa  and  will  employ  a  thin  Mylar 
window  on  the  anechoic  chamber  side.  A  movable  antenna 
located  within  the  far  field  region  inside  the  anechoic 
chamber  will  allow  measurement  of  output  power  and 
radiation  patterns.  We  are  also  designing  a  12.7  cm 
diameter,  SFg  filled,  mode  selective  directional  coupler  with 
side  arms  optimized  for  the  TEoi  mode  at  8.568  GHz  and  the 
TE02  and  TEo3  modes  at  17.136  GHz.  It  will  be  used  in 
conjunction  with  a  new  liquid  calorimeter  for  peak  power  and 
pulse  energy  measurements. 

III.  SUMMARY 

The  modulator  upgrade  and  electron  gun  construction  for 
this  new  experiment  have  been  completed,  and  we  are 
currently  constructing  and  procuring  the  remaining  beam 
transport  hardware.  Following  a  period  of  cold  tests,  we  will 
arrive  at  a  final  design  for  a  vacuum-compatible  version  of 
the  fundamental  tube.  Construction  will  follow  immediately 
afterward.  Efficiencies  of  35-40%  appear  likely  in  both 
fundamental  and  second  harmonic  devices,  with  the 
possibility  of  higher  efficiency  with  the  addition  of  a  buncher 
cavity.  We  anticipate  the  production  of  output  power  levels 
in  the  100-150  MW  range  at  frequencies  suitable  for  collider 
applications  in  the  near  future. 
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In  this  paper  we  consider  the  preliminary  designs  of 
three-cavity  microwave  circuits  for  coaxial  gyroklystrons. 
These  tubes  are  predicted  to  produce  over  100  MW  of  power 
in  1  |xs  pulses  in  X-  and  Ku-Band  for  linear  collider  applica¬ 
tions  with  efficiencies  exceeding  40%  and  gains  above  50  dB. 
In  particular,  we  examine  the  effect  of  first  and  second  har¬ 
monic  buncher  cavities  on  the  efficiency  and  gain  of  both  first 
and  second  harmonic  microwave  circuits.  We  also  examine 
the  necessary  conditions  to  contain  the  axial  field  profile  of 
overmoded  buncher  and  output  cavities.  Performance  is  con¬ 
trasted  with  current  two-cavity  designs.  [1] 

1.  INTRODUCTION 

At  the  University  of  Maryland,  we  have  been  ex¬ 
ploring  the  suitability  of  gyroklystrons  as  drivers  for  the  next 
generation  of  linear  colliders.  When  our  investigation  began, 
the  state-of-the-art  was  represented  by  a  52  kW,  4.5  GHz  3 
cavity  gyroklystron  at  NRL  [2].  As  an  intermediate  step  to  the 
100+  MW  microwave  power  levels  anticipated  to  be  neces¬ 
sary  for  a  1  TeV  collider,  we  designed  30  MW,  10  and  20 
GHz,  first  and  second  harmonic  gyroklystrons,  respectively. 
These  tubes  utilized  the  interaction  of  a  450  kV,  160-260  A, 

1  |is  (flat  top)  beam  with  a  series  of  circular  electric  mode 
cavities  separated  by  heavily  loaded  drift  regions.  The  ratio  of 
the  velocities  perpendicular  and  parallel  to  the  axial  magnetic 
field  hovered  near  one  in  all  experiments.  Likewise,  all  tubes 
utilized  a  simple  TEqu  input  cavity  with  radial  wall  input 
coupling  and  a  lossy  ring  to  lower  the  quality  factor.  [3,4] 

We  have  just  completed  modifications  to  the  gyrok¬ 
lystron  test  bed  that  should  enable  us  to  exceed  the  100  MW 
level  for  output  power.  The  modulator  voltage  was  upgraded 
to  500  kV  and  the  current  capability  was  increased  to  800  A 
by  adding  additional  pulse-forming  networks  in  parallel  with 
the  existing  hardware.  A  new  single-anode  magnetron  injec¬ 
tion  gun  that  can  take  advantage  of  the  new  modulator  ca¬ 
pabilities  has  been  designed,  constructed,  and  delivered.  The 
minor  modifications  to  the  magnet  system  that  are  required 
by  the  new  gun  have  been  completed. 

To  increase  the  flexibiUty  of  the  magnet  system  and  to 
enhance  the  compatibility  of  our  system  to  other  current  ex¬ 
perimental  investigations,  we  have  decreased  the  drive  fre¬ 
quency  to  three  times  the  current  SLAC  frequency.  Our  mag¬ 
netron  drive  hardware  has  been  modified  to  accommodate 
this  change.  Detailed  designs  of  two-cavity  systems  employ¬ 
ing  first  and  second-harmonic  output  cavities  have  been  de¬ 


signed,  are  currently  under  construction,  and  have  been  de¬ 
scribed  in  a  companion  paper  in  these  proceedings.  [1] 

A  recent  theoretical  effort  [5]  has  indicated  that,  in 
addition  to  improved  gain,  a  buncher  cavity  can  also  enhance 
the  maximum  gyroklystron  efficiency  of  several  configura¬ 
tions,  In  this  paper  we  use  our  partially  self-consistent,  large- 
signal  code  [6]  to  investigate  the  effects  of  a  buncher  cavity 
on  the  performance  of  coaxial  gyroklystrons  (which  are  al¬ 
ways  driven  by  first-harmonic  input  cavities).  First,  we  pres¬ 
ent  the  design  of  abrupt-transition  TE02  second  harmonic 
cavities  that  minimize  TEqi  mode  conversion.  Then  the  large 
signal  performances  of  fundamental  output  circuits  with  fun¬ 
damental  and  second  harmonic  huncher  cavities  are  de¬ 
scribed.  The  results  of  a  second  harmonic  buncher/output 
gyroklystron  are  thenanalyzed.  We  close  with  a  preliminary 
discussion  of  a  three  cavity  design  which  has  a  second- 
harmonic  buncher  cavity  and  a  fourth  harmonic  output  cavity. 

IL  ABRUPT-TRANSITION  OVERMODED 
CAVITIES 

A  schematic  of  the  three  cavity  design  with  second- 
harmonic  buncher  and  output  cavities  is  given  in  Fig.  1.  The 
length  and  the  inner  and  outer  radii  of  the  TE021  buncher 
cavity  have  been  selected  to  minimize  mode  conversion  to  the 
TEoi  mode  and  subsequent  leakage  of  fields  into  the  drift  re¬ 
gions.  This  is  typically  achieved  by  forming  the  cavity  with 
equal  radial  transitions  from  the  drift  tube  radii.  The  diffrac¬ 
tive  quality  factor  of  this  cavity,  according  to  our  scattering 
matrix  code  is  over  750,000.  The  required  quality  factor  for 
optimal  efficiency  will  be  achieved  by  the  insertion  of  lossy 
ceramics  into  the  cavity.  Similar  criteria  are  used  to  design 
the  output  cavity,  though  the  quality  factor  is  achieved  solely 
through  diffractive  coupling  at  the  output  end.  The  cavity 
parameters  are  given  in  Table  I.  The  drift  radii  given  corre¬ 
spond  to  the  regions  downstream  from  the  respective  cavities. 

Input  Buncher  Output 


Figure  1.  The  second-harmonic  output  three  cavity  design. 
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The  buncher  cavity’s  azimuthal  electric  field  profile 
(in  arbitrary  units)  at  the  first  radial  maxima  in  the  cavity  is 
given  in  Fig.  2  as  a  function  of  axial  location.  The  tails  of  the 
field  are  negligible  after  about  2  cm.  The  start  oscillation 
curves  in  the  magnetic  field  range  of  interest  for  relevant  cir¬ 
cular  electric  modes  is  given  in  Fig.  3.  This  figure  assumes 
that  the  lossy  dielectrics  load  all  modes  equally.  The  operat¬ 
ing  mode  is  completely  stable  for  currents  below  780  A  but 
the  TEoi  mode  is  highly  unstable  at  the  upper  range  of  the 
magnetic  field.  Consequently,  if  the  method  for  loading  the 
cavity  cannot  preferentially  load  the  lower  radial  mode,  the 
cavity  length  will  have  to  be  shortened  to  push  the  unstable 
range  to  higher  magnetic  fields.  The  start  currents  for  modes 
with  azimuthal  indices  between  1  and  3  were  also  evaluated, 
but  they  were  all  at  least  as  stable  as  the  TE02  mode. 


Table  I.  Abrupt  transition  harmonic  cavity  dimensions. 


Parameter 

length  (cm)  | 

buncher 

output 

Inner  drift/lip  radius 

1.83/- 

1.40/1.75 

Inner  cavity  radius 

1.62 

1.61 

Outer  drift/lip  radius 

3.33/- 

3.55/3.35 

Outer  cavity  radius 

3.54 

3.50 

cavity  axial/lip  length 

1.63/- 

1. 7/0.7 

1.0 
0.9 

i«>« 

1  0-7 

■§  0.6 
o 

o  0.5 

1 0.4 
1 0.3 
is  0.2 
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0.0 
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Axial  location  (cm) 

Figure  2.  Field  profile  of  the  second  harmonic  buncher  cavity. 


Axial  magnetic  field  (kG) 

Figure  3.  Start  oscillation  curve  for  the  second  harmonic 
buncher  cavity. 


III.  LARGE-SIGNAL  OPERATION 

The  single  anode  Magnetron  Injection  Gun  is  de¬ 
signed  to  produce  a  500  kV,  500  A  beam  with  an  average 
perpendicular-to-parallel  velocity  ratio  of  1.5  and  an  axial 
velocity  spread  of  6.4%.  [1]  The  velocity  spread  remains  be¬ 
low  10%  for  currents  up  to  about  800  A.  Optimizations  of  the 
three-cavity  designs  were  carried  out  at  the  nominal  beam 
parameters  and  efficiency  was  subsequently  characterized  as  a 
function  of  velocity  spread. 

The  drift  tube  lengths  and  the  cavity  quality  factors  for 
the  three  basic  designs  are  indicated  in  Table  n.  The  three 
digit  sequence  that  identifies  the  particular  design  indicates 
the  expected  amplified  harmonic  in  each  of  the  cavities.  The 
same  basic  TEqh  input  cavity  is  assumed  for  all  designs, 
though  the  required  Q  varies  somewhat.  The  cavity  is  formed 
by  decreasing  the  inner  radius  of  the  drift  tube  to  1 . 1  cm  for  a 
distance  of  about  2.29  cm  and  is  stable  to  all  modes  at  the 
nominal  operating  parameters.  The  length  is  chosen  to  corre¬ 
spond  to  the  broadwall  length  of  the  X-band  waveguide  that 
will  couple  the  input  power  to  the  cavity  via  two  radial  wall 
slots  that  are  180°  apart.  All  first  harmonic  cavities  resonate 
at  8.568  GHz  in  the  T^^^  mode  and  all  second-harmonic 
cavities  resonate  at  17.136  GHz  in  the  T^2i  mode.  For 
simplicity,  the  fundamental  buncher  cavity  in  the  1-1-1  de¬ 
sign  has  the  same  dimensions  as  the  input  cavity.  The  fun¬ 
damental  output  cavity  in  the  first  two  designs  was  taken 
from  the  planned  two-cavity  experiment.  [1]  The  dimensions 
of  the  buncher  and  output  cavities  of  the  1-2-2  design  are 
given  in  Table  I. 

Table  II.  The  three-cavity  design  parameters  and  performance 
characteristics. 


Parameter 

1-1-1 

Design 

1-2-1 

1-2-2 

Input  cavity  Q 

80 

119 

70 

Drift  1  length  (cm) 

4.5 

4.5 

Buncher  cavity  Q 

65 

727 

389 

Drift  2  length  (cm) 

6.5 

5.0 

4.5 

Output  cavity  Q 

124 

124 

322 

Efficiency  (%) 

41.7 

38.8 

41.1 

Large  signal  gain  (dB) 

51 

31 

50 

The  optimal  efficiencies  and  gains  at  the  nominal  op¬ 
erating  parameters  are  also  given  in  Table  II  for  the  three 
designs.  Both  designs  for  which  the  buncher  and  output  cav¬ 
ity  harmonics  are  the  same  achieve  efficiencies  above  41%, 
which  corresponds  to  an  output  power  exceeding  100  MW. 
The  large  signal  gain  in  both  cases  is  about  50  dB.  The  first 
harmonic  output  cavity  is  quite  stable  at  the  design  parame¬ 
ters,  but  the  second  harmonic  output  cavity  is  only  marginally 
stable  and  requires  further  work.  The  fundamental  output 
design  with  a  second  harmonic  buncher  has  considerably 
lower  gain  and  somewhat  lower  efficiency  than  the  other  de¬ 
signs.  Furthermore,  the  required  buncher  cavity  quality  factor 
is  unrealistically  high. 
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In  spite  of  its  potential  drawbacks,  the  1-2-1  design  is 
still  of  interest  because  of  the  dependence  of  efficiency  on 
velocity  spread.  This  dependence  is  indicated  in  Fig.  4  for 
both  first  harmonic  output  designs.  The  1-2-1  design  has  a 
strong  dependence  on  velocity  spread  but  achieves  a  theoreti¬ 
cal  efficiency  of  nearly  50%  with  zero  spread.  The  1-1-1  de¬ 
sign  has  a  weak  dependence  on  velocity  spread  and  achieves  a 
maximum  value  above  45%  with  zero  spread.  This  perform¬ 
ance  is  consistently  about  2%  higher  than  the  simulated  two- 
cavity  first  harmonic  design.  [1] 


Figure  4.  Simulated  efficiencies  of  the  first-harmonic  output 
circuits. 

The  dependence  of  efficiency  on  velocity  spread  for 
the  1-2-2  design  is  indicated  in  Fig.  5.  The  decrease  in  effi¬ 
ciency  with  spread  is  fairly  weak  up  until  about  6%.  From 
zero  velocity  spread  up  until  this  point,  the  second  harmonic 
efficiencies  are  only  about  1%  lower  than  the  corresponding 
first  harmonic  efficiencies.  The  three-cavity  second  harmonic 
efficiency  is  over  6%  higher  than  the  corresponding  two- 
cavity  design.  [1]  This  represents  a  significant  improvement. 
A  1-1-2  design  was  attempted  during  this  investigation,  but 
zero  spread  efficiencies  were  limited  to  about  30%. 


Figure  5.  Efficiency  of  the  second-harmonic  output  circuit. 

A  1-2-4  design  has  also  been  attempted  for  which  the 
abrupt  transition  output  cavity  would  operate  at  34.272  GHz 
in  the  TE041  mode.  This  design  was  again  motivated  by  ear¬ 


lier  work  [5]  and  would  represent  a  device  with  extremely 
attractive  properties  for  a  variety  of  applications.  The  output 
cavity  designed  for  this  simulation  has  a  quality  factor  of  625, 
an  axial  length  of  1.3  cm  and  a  lip  length  of  0.3  cm.  The  wall 
radii  were  again  selected  to  minimize  mode  conversion  to 
lower  radial  modes.  The  output  power  is  predicted  to  be 
94.5%  in  the  TE04  mode.  The  amount  of  power  flowing  back 
into  the  drift  tube  is  about  0.2%  of  the  total  output  power. 
Unfortunately,  our  best  results  to  date  have  produced  effi¬ 
ciencies  of  only  about  13%. 

V.  SUMMARY 

This  theoretical  investigation  represents  a  first  look  at 
the  design  of  three-cavity  coaxial  gyroklystrons  and  the  re¬ 
sults  are  somewhat  preliminary.  Nonetheless,  these  results 
appear  to  be  quite  promising  for  first  and  second  harmonic 
designs.  Efficiencies  of  40%  and  gains  of  50  dB  appear  to  be 
achievable  with  realistic  beam  parameters.  The  abrupt  transi¬ 
tions  of  the  second  harmonic  TE021  cavities  enable  quite  com¬ 
pact  drift  regions  to  be  utilized.  This  is  a  distinct  advantage 
over  previous  circular  waveguide  tubes  which  required 
smooth  radial  wall  transitions  to  minimize  mode  conversion. 
The  large-signal  gains  of  the  three-cavity  systems  are  signifi¬ 
cantly  better  than  the  corresponding  two-cavity  designs.  The 
improvement  in  efficiency  is  moderate  for  first  harmonic 
tubes  but  dramatic  for  second  harmonic  design. 

Additional  work  needs  to  be  done  to  determine  and 
improve  the  stability  of  the  second  harmonic  cavities  to  first 
harmonic  modes.  Also,  the  effect  of  lossy  ceramics  on  the 
harmonic  buncher  cavities  needs  to  be  examined.  Finally,  the 
performance  limits  of  1-2-4  designs  need  to  be  understood  to 
determine  if  high  efficiency  circuits  are  possible. 
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NUMERICAL  SIMULATION  OF  MAGNICON  AMPLIFIER 


V.Yakovlev,  O.Danilov,  O.Nezhevenko,  V.Tametsky,  Budker  INP,  Russia 


L  INTRODUCTION 

Magnicon  is  a  new  RP  source  with  the  round  beam 
deflection  [1,2].  The  main  features  of  this  device  are  high 
efficiency  and  reduced  sensitivity  to  variations  in  load 
impedance.  Those  features  make  magnicon  to  be  attractive  fix’ 
accelerator  applications.  Magnicon  may  be  designed  as  an 
amplifier  and  as  a  fequency  multiplier.  Magnicon  with  the 
firequency  multiplication  in  centimeter  wave  range  may  turn 
into  one  of  main  RF  sources  for  future  linear  colliders. 

Magnicon  theory  is  developed  for  ideal  RF  field  and  fix’ 
small  deflecting  angles  of  infinitely  thin  electron  beam  [3].  But 
large  deflecting  angle  and,  thus,  large  beam  tunnel  apertures 
are  necessary  for  power  generating  of  tens  and  hundreds  cf 
MW.  Fringing  fields  of  the  beam  tunnels,  RF-field  non¬ 
linearity  far  from  the  cavity  axis  and  finite  beam  diameter  lead 
not  only  to  quantitative  perturbations  of  device  parameters,  but 
change  the  process  of  beam-cavity  interaction  in  principle 
[4,5].  It  is  necessary  to  take  into  account  all  mentioned 
phenomena  to  build  a  working  device. 

We  have  developed  methods  and  computer  codes  fix- 
particle  simulations  of  the  beam-cavity  interaction  in 
magnicon  employing  the  realistic  DC  magnetic  and  RF  fields 
and  finite  beam  diameter.  Computer  simulation  codes 
presented  in  this  report  does  not  treat  electron  gun  problems, 
which  are  described  in  details  in  [6]. 

11.  PHYSICAL  MODEL 

We  developed  the  two  models  for  magnicon  analysis  to 
find  a  working  version  providing  optimal  efficiency: 

a.  the  steady-state  model; 

b.  the  time-depended  one. 

The  steady-state  model  employs  fixed  amplitudes  and 
phases  of  RF-fields  in  magnicon  cavities.  Self-consistency  is 
achieved  by  iteration  until  power  balance  takes  place  in  each 
cavity  (i.e.  until  the  beam  energy  loss  equals  to  energy 
dissipation  in  the  cavity  wall  or  in  the  load).  Dominance  of 
the  beam  energy  loss  in  the  cavity  in  the  absence  cf 
preliminary  beam  deflecting  indicates  the  self-excitation  on  the 
working  frequency  [4].  Longitudinal  DC  magnetic  field  is 
formed  by  the  magnetic  system,  which  includes  not  only 
separate  coils  with  independent  current  supplies,  but  magnetic 
shields  having  relevant  configuration  [3].  In  our  model  we  use 
the  field  calculated  for  real  magnetic  system  without  taking 
into  account  iron  saturation,  which  are  negligible  in  our  case 
because  of  small  field  value  [6].  We  use  for  calculations  the 
realistic  rotating  RF-fields  of  the  cavities  connected  by  beam 
tunnels  to  take  into  account  influence  of  the  fringing  field.  The 
resonance  frequency  of  a  cavity  may  be  multiple  of  the  drive 
frequency  with  corresponding  azimuthal  number.  The 
simulations  propagate  an  electron  beam  through  a  sequence  cf 
deflection  cavities  and  an  output  cavity.  We  use  2^D 


macroparticle  model  of  the  beam  without  space  charge.  To 
estimate  influence  of  the  space  charge  scalloped  beam  is 
considered  with  arbitrary  value  of  the  cathode  magnetic  field. 
The  simulation  may  be  carried  out  by  following  a  single 
temporal  slice  because  of  phase  synchronism.  During 
calculations  of  the  beam  dynamics  in  the  fixed  fields  the  beam 
power  losses  and  the  cavities  detuning  caused  by  the  beam  are 
calculated.  When  the  self-consistent  solution  is  found,  it  is 
necessary  to  produce  its  stability  test,  because  the  regime 
obtained  as  a  result  of  optimizing  may  be  unstable  both  in  the 
deflecting  system  and  in  the  output  cavity.  In  the  deflecting 
system  this  instability  may  have  a  view  of  RF  field  amplitude 
jump  lead  to  the  cavity  breakdown  [10].  In  the  case  cf 
instability  in  the  output  cavity  the  regime  of  small  efficiency 
may  be  realized.  For  stability  analysis  Lyapunov’s  method  is 
used:  differential  equations  for  RF  feld  amplitude  growth  in 
the  cavity  are  linearized  near  the  working  point  in  amplitude- 
phase  coordinates.  The  resulting  system  of  the  linear  equations 
is  used  for  determination  of  the  instability  growth  rate. 

After  magnicon  optimizing  by  the  steady-state  code  and 
stability  test,  we  use  the  time  dependent  model  to  calculate 
duration  and  type  of  a  transient  process  of  magnicon 
excitation.  Time  dependent  simulation  is  fulfilled  based  on 
slow  amplitude  approximation  of  the  differential  equations  fix’ 
RF  field  complex  amplitudes.  During  each  step  of  numerical 
integration  of  those  equations  it  is  necessary  to  calculate 
complex  power  of  the  beam  losses,  and  thus,  to  solve  the 
steady-state  problem. 

III.  COMPUTER  MODELS 

a.  Axial  DC  magnetic  field  is  calculated  using  SAM  code 
[7]  for  a  real  geometry  of  the  magnetic  system  in  linear 
approximation.  In  this  case  we  solve  N  magnetostatic 
problems  (N  is  the  number  of  coils  in  the  magnetic  system). 
When  we  solve  the  i-th  problem,  we  assume  the  current  in  the 
i-th  coil  to  be  unit,  and  in  another  coils  to  be  zero.  The  total 
field  is  calculated  as  a  superposition  when  all  the  coil  currents 
are  distributed  previously.  It  gives  the  possibility  of  operative 
changes  of  the  coil  currents  during  the  beam  dynamics 
calculations. 

b.  The  cavity  RF-field  is  calculated  by  the  next  way  [8]: 
the  resonance  frequency  and  Hr  and  Hz  components  are 
calculated  by  SUPERLANS2  code  [9]  for  arbitrary  azimuthal 
wave  number  m.  The  azimuthal  component  is  determined 
using  the  next  equation: 


where  co  is  the  resonance  frequency,  C  is  speed  of  light.  The 
calculating  error  does  not  increase  because  of  smoothing 
properties  of  Laplace  operator.  But  it  is  not  possible  to  use  the 
electric  field  calculated  by  numerical  derivation  because  cf 
unacceptably  large  errors.  We  calculate  the  current  surfece 
distribution  using  the  magnetic  field  calculated  by 
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SUPERLANS2  and  then  find  the  RF-field  in  arbitrary  point 
integrating  the  surface  source  field  over  the  cavity  boundary 
[8].  For  the  approximation  of  the  surface  current  distribution, 
we  use  a  third-order  spline  fit.  In  this  case,  all  six  field 
components  will  satisfy  Maxwell  equations  and  we  have  the 
same  precision  of  calculations.  To  reduce  the  RF  field 
calculation  time  inside  the  cavity,  we  use  paraxial  field 
expansion.  We  have  found  an  analytical  formula  for  arbitrary- 
order  paraxial  expansion  of  the  surface  source  fields  of  arbitrary 
azimuthal  dependence.  The  longitudinal  dependences  cf 
paraxial  expansion  coefficients  are  approximated  by  a  third- 
order  spline.  It  is  possible  to  calculate  the  excitation  of  several 
modes  in  the  same  cavity.  The  maximal  surface  electric  field  is 
calculated  and  displayed  for  electric  strength  analysis  of  the 
cavity  working  in  investigating  regime. 

c.  For  integration  of  macroparticle  equations  of  motions  a 
third-order  Runge-Kutta  method  is  used.  Simultaneously  we 
integrate  the  complex  electric  field  along  the  trajectory  to  find 
the  complex  power  loss  of  macroparticle.  The  total  beam 
power  loss  P  is  determined  by  sum  of  the  power  losses  over 
all  macroparticles.  Imaginary  part  of  the  beam  power  loss 
determines  the  cavity  detuning  caused  by  the  beam: 

=  ^  (2) 

w 

where  w  is  the  energy  stored  in  the  cavity.  The  beam  kinetic 
energy  changes  in  process  of  deflection  and  deceleration  in  the 
output  cavity  and  real  part  of  the  total  beam  power  loss  are 
used  to  check  the  calculation  precision.  Thirty-seven 
macroparticles  are  typically  employed,  but  up  to  177 
macroparticles  are  used  to  verify  the  accuracy  of  the  final 
simulations. 

d.  For  stability  analysis  we  use  the  next  equations  for  the 
RF-field  amplitude  Ui  and  phase  <p,  in  i-th  cavity: 

dui  _  _  Uj 

J  (3) 

d<p.  ^ 

dt  w, 

where  Pu  is  power  dissipation  in  the  cavity  wall  (or  in  the 
load),  Xi  is  the  time  constant,  5(Oi  is  the  difference  between  the 
cavity  resonance  frequency  and  the  working  frequency.  Then 
we  produce  linearizing  of  (3)  near  the  stationary  point,  the 
derivatives  of  right-hand  side  of  (3)  we  find  numerically, 
solving  the  steady-state  problems  with  perturbed  amplitude 
and  phase.  Eigen  values  of  the  matrix  of  ffie  linear  system  are 
equal  to  the  instability  growth  rates, 

e.  For  time-depended  simulations  we  use  the  same  system 
of  equations  (3)  for  all  cavities  excluding  the  first  one,  Miere 
the  field  is  determined  by  the  drive  power.  This  system  is 
integrated  using  the  third-order  Runge-Kutta  method.  One 
should  notice  that  the  system  (3)  is  stiff  because  the  time 
constant  of  the  output  cavity  is  much  less  than  the  time 
constants  for  deflecting  cavities.  Thus,  we  plan  to  use  an 
implicit  method  to  solve  (3)  to  decrease  the  calculation  time. 

IV.  THE  COMPUTER  CODES 

We  have  designed  the  computer  codes  for  magnicon 
simulations  for  PC  and  VAX  based  on  the  methods  described 
above.  Because  it  is  necessary  to  make  calculation  cf 


considerably  large  number  of  variants  during  magnicon 
optimizing,  and  the  number  of  input  parameters  is  large  too, 
ffiendly  user’s  interface  with  graphics  is  needed  for  effective 
work  with  the  codes.  The  dialogue  used  in  those  codes  is 
based  on  menu  system  and  table  inpul/output  of  symbol 
information.  Mouse  is  used  for  an  output  data  processing  in 
the  graphic  window  directly.  The  fiaal  document  containing 
the  total  input  and  output  information  with  graphics  is 
prepared  automatically  as  a  result  of  the  code  run. 

V.  EXAMPLES 

In  the  Fig.l  there  are  the  results  of  calculation  of  the  7  GHz 
frequency  doubling  magnicon  having  the  beam  power  of  100 
MW  [4,6].  The  beam  voltage  is  430  kV,  the  beam  current  is 
230  A.  Calculated  efficiency  for  this  version  is  54%.  The 
trajectories  of  37  macroparticles  in  (r,z)  coordinates  are  shown 
as  well  as  longitudinal  dependence  of  the  energy  of  each 
macroparticle.  The  longitudinal  distribution  of  axial  DC 
magnetic  field  is  shown  in  the  Fig.  2.  Fig.  3  shows  the  field 
map  of  the  operating  mode  of  the  penultimate  cavity.  The 
transient  processes  of  amplitude  growth  in  all  cavities  are 
shown  in  Fig.  4.  The  bold  curve  corresponds  to  the  process  in 
the  output  cavity.  Fig.  5  illustrates  an  unstable  (for  the  output 
cavity)  transient  process  in  the  output  cavity  for  one  of  the 
regimes  with  small  efficiency. 

VI.  SUMMARY 

Simulation  model  and  computer  codes  are  developed  fir 
calculation  of  the  fields  and  the  beam  dynamics  in  magnicon 
taking  into  account  beam  tunnel  fringing  field  and  finite  beam 
diameter.  Those  codes  were  used  in  investigations  of  physical 
processes  in  magnicon  and  helped  to  develop  the  first 
operating  magnicon  design  [10]  and  it’s  improved  version, 
which  is  under  fabrication. 
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Fig.5.  The  unstabe  regime  of  the  output  cavity  excitation. 
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RF-POWER  UPGRADE  SYSTEMS  WITH  ENERGY  COMPRESSION 

FOR  ELECTRON  LINACS 

A.Shalnov,  B.Yu.Bogdanovich,  A.Ignatyev,  V.Senyukov 

Moscow  State  Engineering-Physics  Institute, 

MEPhI,  Moscow,  115409,  Russia. 

Application  of  the  RF-energy  compression  systems  as  an  subsequent  addition  in  a  load.  The  third  group  concerned  with 
RF-source  for  linear  charged  particles  accelerators  is  systems  that  used  for  energy  storage  cavities  and  DL  both, 
represented  to  be  rather  perspective,  as  far  as  they  permit  to  The  first  group  systems  can  be  divided  with  respect  to 
increase  pulsed  power  of  accelerating  wave  without  load  used:  a)  with  an  active  load;  b)  with  a  resonant  load  (in 
application  of  any  additional  or  more  powerful  RF-generators  these  systems  the  reflected  wave  affected  essentially  on  a 
and,  hence,  to  increase  an  output  beam  energy  of  an  system  operation).  The  systems  with  an  active  load  can  be 
accelerator.  More  over,  application  of  such  systems  enables  an  divided  in  conformity  on  a  way  of  a  system  operation  mode 
essential  expand  of  a  beam  energy  adjustment  range,  that  in  (energy  storage  or  use)  transfer  into  following  types:  a) 
some  cases  permits  to  use  only  one  unit  instead  of  a  number.  systems  with  variable  cavity  parameters  (any  of  cavity 
The  systems  can  be  used  for  existing  units  modernization,  parameters  is  changed  for  stored  energy  using);  b)  system 
as  well  as  for  development  the  new  ones.  The  theoretical  with  constant  cavity  parameters  (operation  mode  changes  only 
questions  of  the  energy  compression  systems  using  as  an  RF-  by  a  generator  wave  phase  and/or  amplitude  modulation), 
power  source  for  linacs  were  already  considered  in  details  a  The  systems  with  an  energy  storing  in  DL  can  be  divided 

long  time  ago  [1,  2].  But  this  considerations  deals  only  with  a  by  a  principle  of  DL  use:  a)  with  DL  use  for  time  detained  of 
possibility  of  use  of  a  unique  energy  compression  system  with  RF-pulses;  a)  with  DL  use  as  a  resonator  elements  (such 
an  RF~energy  storage  in  a  high-quality-factor  cavity  with  a  resonators  using  enables  to  form  the  flat  top  output  pulses), 
variable  connection  factor.  Practically,  however,  for  particle  The  first  group  of  ECS  can  be  divided  for  switching  elements 
acceleration  such  systems  was  not  used.  used:  a)  high  power  switching;  b)  low  power  switching;  c) 

The  only  type  of  the  RF-energy  compression  systems,  without  any  switching  elements  (such  systems  can  be  related 
that  was  practically  used  for  particle  acceleration,  is  the  SLED  to  ECS  conditionally).  This  division  matters  for  practical 
system,  which  was  offered  in  1974  at  SLAC  for  20  GeV  application  of  ECS. 

accelerator  energy  increase  [3].  In  a  consequence  the  similar  Certainly,  a  further  division  on  the  various  attributes  can 
systems  were  realized  on  acting  accelerators  in  China  (1986)  be  carried  out,  however  at  present  it  seems  to  be  inexpedient, 
[4]  and  USSR  (MEPhI,  1987)  [5].  In  1985  P.Wilson  offered  an  since  will  cause  an  unjustified  complication  of  the 
RF-energy  compression  system  with  the  time  delay  lines  (DL)  classification  scheme.  It  is  necessary  also  to  note,  that  the 
used  for  an  energy  storage  [6].  Actually,  a  modernized  variant  indicated  scheme  is  conditional  up  to  a  certain  degree,  as  far 
of  a  SLED  system,  offered  by  V.Balakin  in  1990  as  an  RF-  as  some  systems  can  be  simultaneously  referred  to  different 
source  for  a  linear  collider  VLEPP  [7],  also  may  be  considered  types. 

as  a  DL  application  for  RF-energy  storage.  The  systems  with  constant  parameters  of  storage  cavities 

The  new  types  of  energy  compression  systems  recently  (SC)  can  be  divided  on  the  output  pulse  top  form  (system  with 
suggested  delivered  a  question  on  necessity  of  these  systems  variable  SC  parameters  practically  always  form  pulses  with 
classification  and  researching  the  questions  on  perspectivity  exponentially  dropping  top,  and  system  with  DL  -  the  flat  top 
and  expediency  of  their  use  as  the  RF-feed  sources  for  pulses):  a)  systems  without  pulse  top  correction;  b)  systems 
electron  linacs  (and,  in  general  case,  not  only  for  electron).  with  pulse  top  correction.  Such  division  is  connected  to  the 
The  present  report  is  devoted  to  classification  of  the  RF-  possible  areas  of  system  practical  use. 
energy  compression  systems  (ECS),  that  may  be  used  as  the  The  ECS  are  characterized  by  the  following  main 
RF-feed  sources  for  electron  linacs.  parameters: 

The  classification  scheme  of  ECS  is  shown  on  fig.  1.  As  -  factor  of  a  wave  power  increase  -  Kp  -  relation  of  a 
far  as  the  working  principle  of  each  particular  system  is  system  output  wave  pulsed  power  to  a  feeding  generator 
basically  determined  by  an  energy  storage  element  used,  from  power; 

this  point  if  view  all  systems  can  be  divided  into  three  groups:  -  energy  transfer  efficiency  Tj^  ,  which  is  defined  as  a 

a)  the  systems  with  energy  storage  in  cavities;  b)  the  systems  relation  of  energy,  transferred  by  system  into  a  load,  to  energy 
with  energy  storage  in  DL;  c)  the  systems  with  energy  storage  ’’received"  by  system  from  generator; 
in  combined  storing  elements.  -  duration  of  an  output  RF-pulse  -  tp.  Parameter  is 

The  first  group  concern  ECS,  in  which  the  RF-field  important  for  ECS  practical  use.  The  real  values  of  the  various 

energy  is  accumulated  in  a  high-quality-factor  cavity  and  the  types  ECS  main  characteristics  are  listed  in  table  . 

output  pulse  is  formed  at  the  expense  of  a  wave,  emitted  from 
a  cavity.  In  systems  of  the  second  group  the  RF-energy  is 
accumulated  in  DL,  and  the  output  pulse  is  formed  by  the 
initial  RF-oulse  seoarate  narts  detained  in  time  with  the 
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System  type 

Output  pulse  top 
form 

Power  increase  factor, 
Kp 

Efficiency  ,r|^ 

Output  pulse 
duration,  tr» 

with 

dropping 

30  -  50  (dB) 

0,4 -0,6 

1-100  ns 

storage 

arbitrary,  dropping 

6-7 

0,6 -0,7 

0,1  - 1  |js 

cavities 

with  resonant 
loading 

bell  waveform 

10  -  30  (dB) 

0,6 -0,7 

0,1- 1  MS 

with 

high  power 
switching 

flat 

2-8 

0,8 -1,0 

time 

HHH 

flat 

2-8 

0,8  -  1,0 

10  -  100  ns 

delay 

flat 

2-5 

0,8 -1,0 

lines 

DL  -  elements 
of  resonators 

flat,  dropping 

2-10 

0,6  -  0,7 

The  main  work  principle  of  the  ECS  with  SC  variable 
parameters  based  on  a  fact  that  at  a  sharp  increase  of  the  SC 
connection  factor  after  the  energy  storage  process  completed 
results  in  stored  energy  fast  outcome  thus  forming  a  high- 
power  RF-pulse.  The  running  or  standing  waves  resonators 
can  be  used  here  for  energy  storage.  Such  systems  were  well 
enough  investigated  theoretically  and  experimentally.  The 
maximum  efficiency  of  energy  transforming  for  such  systems 
does  not  exceed  0,815,  that  is  due  to  features  of  energy  storing 
processes  in  cavities  (though  there  are  the  methods  of  an 
energy  transfer  efficiency  increase  practically  up  to  1,0  [  8  ] ). 
The  main  disadvantages  of  ECS  with  SC  variable  parameters 
are:  a)  necessity  of  high-power  RF-switches  use  (at  the  power 
levels  of  hundreds  megawatts  such  switch  represents  rather 
complicated  and  power-intensive  device),  and  b)  significant 
output  power  variations  within  RF-pulse. 

Typical  representative  of  ECS  with  SC  constant 
parameters  is  the  system  SLED.  Such  systems  are  largely  free 
from  defects,  inherent  to  systems  with  variable  SC  parameters. 
They  don’t  need  to  use  high-power  switches,  and  the  output 
pulse  top  has  less  abrupt  recession  (besides,  there  exist  some 
ways  to  change  the  top  form).  However,  the  maximum  value 
of  factor  Kp  for  such  systems  is  not  more  then  9  (real  value  do 
not  exceed  6.. .7,  due  to  the  finite  value  of  a  SC  connection 
factor).  This  is  their  main  disadvantage  (though,  there  are 
ways  for  the  Kp  value  increase  to  some  extend). 

In  the  ECS  with  combined  methods  of  operation  mode 
transfer  (storing  or  using  energy)  a  SC  parameters  variation 
and  a  generator  wave  modulations  are  used  both. 

The  main  difference  of  the  ECS  with  a  resonant  loading  from 
the  other  types  is  that  here  the  load  is  an  essential  element,  that 
appreciably  influence  on  a  system  characteristics.  Also  they 
can  be  named  as  systems  with  connected  resonators.  The 
principle  of  these  systems  work  is  based  on  following:  at 
certain  parameters  of  a  stored  in  one  of  them  completely 
passes  serially  from  one  resonator  into  another.  The  relation  of 
maximum  equivalent  RF-power  in  these  resonators  is  reverse 
proportional  to  the  relation  of  their  unloaded  quality  factors. 
For  resonators  with  runnine  waves  the  eauivalent  oower 


represents  quite  certain  RF-power,  circulating  in  a  resonator 
ring.  The  practically  achievable  values  of  Kp  in  such  systems 
are  about  150  ...200  (for  SC  with  Qo  =  10^^  and  more  (for 
superconducting  resonators).  The  wave  with  such  power 
"existence"  time  in  a  ring  is  about  an  order  higher,  than  for 
case  with  pulse  outcoming  into  an  active  load. 

The  DL  application  as  an  energy  storing  elements  in 
ECS,  used  for  linacs  feed,  has  a  number  of  advantages  in 
comparison  with  SC.  The  main  advantages  of  such  systems 
are  the  following:  1)  they  always  formed  a  flat  top  output 
pulse,  and  2)  the  energy  transfer  factor  can  come  nearer  to  1.0 
when  using  a  small  loss  DL,  because  the  basic  energy  losses 
inherent  to  systems  with  SC  are  here  away. 

The  main  work  principle  of  the  ECS  in  which  DL  are 
used  for  RF-pulse  separate  parts  time  delay  consists  in 
dividing  the  initial  pulse  by  a  switching  device  in  a  number  of 
equal  duration  parts,  which  with  the  help  of  DL  are  displaced 
in  time  so,  that  to  a  target  summing  device  (to  a  load)  they 
would  come  simultaneously.  Thus  the  power  of  a  wave  in  this 
summing  device  will  increase  in  so  much  time,  in  how  many 
parts  an  initial  pulse  was  divided.  Such  pulse  division  can  be 
executed  with  the  help  of  amplitude  (switching  at  a  high 
power  level)  or  phase  (switching  at  a  low  level)  modulation. 

When  using  DL  as  a  storing  elements  a  creation  of  ECS 
without  any  switching  elements  is  possible.  In  this  case  the 
useful  load  -  accelerating  structure  -  is  an  integral  part  of  a 
system.  The  accelerating  structure  actually  appears  included  in 
a  resonator  with  running  waves.  The  application  of  DL 
permits  to  reduce  the  transient  process  time  in  such  a  resonator 
up  to  a  minimum.  The  systems  with  DL  as  elements  of 
resonators  unite  the  properties  of  systems  with  SC  and  DL. 
The  positive  properties  of  such  systems  are  the  flat  top  output 
pulse  forming  and  a  relatively  simplicity  of  construction.  On 
the  other  hand,  they  have  relatively  low  efficiency  as  the 
systems  with  SC. 

The  considered  classification  scheme  of  the  energy 
compression  systems  that  can  be  used  as  RF-sources  for  linacs 
feed  permits  to  evaluate  the  main  properties  of  such  systems 
and  also  an  exnediencv  of  its  use  for  achieving  of  reauired 
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parameters  of  accelerated  beam.  Besides  this  it  enables  to 
determine  the  main  ways  of  developing  of  the  energy 
compression  systems  with  required  characteristics. 
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Fig.  1.  Energy  compression  systems  (ECS)  classification  scheme. 
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The  RF“power  upgrade  systems  with  RF-field  energy 
compression  are  intended  for  accelerating  wave  power 
increase  in  order  to  increase  an  accelerated  beam  energy  or 
decrease  the  feeding  RF-generators  power.  At  present  a 
number  of  energy  compression  system  (ECS)  types  and 
designs  with  various  properties  are  known  [1].  Among  these  a 
system  with  a  resonant  load  presents  the  certain  interest  for 
practical  use.  The  main  difference  of  such  ECS  from  the  other 
types  is  that  here  a  resonant  load  is  an  essential  part  of  the 
system  that  influence  significantly  on  its  parameters.  They  can 
be  named  as  systems  with  connected  resonators  also. 

L  THEORY 

A.  The  main  principles  of  work  and  a  system  characteristics 

The  main  principle  of  the  system  with  resonant  loading 
operation  is  based  on  the  following:  for  certain  parameters  of  a 
system  formed  by  two  connected  resonators  all  energy 
primarily  stored  in  one  resonator  passes  by  terns  from  one 
resonator  to  another.  For  the  first  approximation  it  may  by 
considered  that  a  maximum  value  of  equivalent  RF-power  in 
each  resonator  is  determined  by  expression: 

Pi/P2  =  Q2/Qi  (1) 

where  P^  and  P2  -  equivalent  RF-wave  power  in  the  first  and 
second  resonators;  Qj  and  Q2  -  the  first  and  second  resonator 
quality  factors.  From  expression  (1)  it  follows  that  the  higher 
resonators  q-factor  relation  the  more  equivalent  power 
increase  can  be  achieved.  The  resonators  can  be  with  standing 
or  travelling  waves.  In  case  of  resonators  with  travelling 
waves  (TWR)  the  equivalent  power  is  the  quite  certain  power 
of  RF-wave  circulating  in  resonator  ring. 

The  variant  of  ECS  with  a  resonant  load  is  submitted  on 
fig.l  [2].  Here  accelerating  structure  4  is  a  part  of  a  TWR.  The 
switched  coupler  2  transfers  the  system  operation  mode  from 
storing  energy  to  its  use.  During  the  energy  storing  period 
(state  A)  the  coupler  2  connects  generator  1  output  to  storing 
resonators  3  and  the  acceleration  structure  4  output  -  to  an 
absorbing  load  5.  To  use  the  stored  energy  (state  B)  the 
coupler  2  is  switched  in  such  way  that  the  acceleration 
structure  output  becomes  connected  to  storing  resonators, 
forming  TWR. 

The  system  works  as  following.  In  state  (A),  an  energy 
storing  in  resonators  3  occurs.  The  wave,  reflected  from 
storing  resonators  (SR),  passes  through  a  TWR  and  arrives  in 
a  load  5.  When  the  energy  storing  process  ends  the  coupler 


Fig.  1.  An  RF-energy  compression  system  with  a 
resonant  load  (  1  -  RF-generator;  2  -  switched  coupler;  3  - 
storing  resonators;  4  -  accelerating  structure;  5  -  absorbing 
load). 


Fig.  2.  The  RF-wave  average  amplitude  variations  in  a 
system  with  a  resonant  load  (Eq  -  generator  wave  amplitude; 
Ew  -  wave  in  TWR  ring). 

transformed  in  state  B.  So  the  wave  coming  to  SR  is  a  wave 
leaving  from  accelerating  structure.  A  wave  phase  shift  in  a 
TWR  is  chosen  so  that  the  wave  coming  on  SR  has  the  same 
phase  as  the  wave  irradiated  from  them.  Then  after  each  turn¬ 
over  the  amplitude  of  a  wave  circulating  in  TWR  ring  will 
grow  so  long  as  all  accumulated  in  SR  energy  will  not  pass 
completely  in  TWR.  And  after  this  the  return  swapping  of 
energy  from  TWR  to  SR  will  begin.  The  qualitative  graph  of 
the  circulating  in  TWR  wave  average  amplitude  variations  are 
shown  on  fig.2.  If  the  energy  losses  in  TWR  are  insignificant, 
the  factor  of  wave  power  increase  Kp  in  such  system  can  be 
evaluated  on  following  expression: 

Kp=Pw/Po  =  Ws/(T.Po)  (2) 
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where  Pw  and  Pq  -  the  power  of  RF-waves  in  TWR  and  on  a 
generator  output,  accordingly;  Ws  -  energy  stored  in 
resonators;  T  -  time  (duration)  of  one  turn-over  of  a  wave  in  a 
TWR.  Practically  the  achievable  values  of  factor  Kp  in  such 
system  can  make  150  ...200  (for  SR  with  self  q-factor  Qo  = 
10^  and  more  (for  superconductor  resonators).  The  time  of  the 
high  power  wave  existence  in  TWR  appears  to  be  about  an 
order  higher,  than  for  the  case  when  RF-pulse  is  formed  on 
active  load. 


B.  Field  calculation  equations 


Let’s  consider  a  system  shown  in  fig.l.  After  a  generator 
switching-off  and  TWR  forming  the  wave,  emitted  from  the 
SR  is  added  to  a  wave  circling  in  the  TWR.  In  this  case  the 
amplitude  of  a  summarised  wave  at  the  acceleration  structure 
entrance  during  the  energy  use  period  is  described  by  a 
following  expression: 


for  o<t<to 
N 

,  for  t>to 

.  «=o 


where : 


(3) 


iL 

i+p 


he~ 


’F(-nXA) 


A_  t-tp-nT 
l  +  P  T 

N  =  [(t-to)/T]  -  number  of  wave  revolutions  in  TWR. 


C.  Calculation  results 


The  graph  of  dependence  of  wave  amplitude  at  an 
accelerating  structure  entrance  on  time  t  for  t  >  to  is  indicated 
in  fig.3.  Calculations  were  made  for  a  system  with  following 
parameters:  Qo  =100. 10^;  p  =  5;  to  =  2,5  |us;  T  =  40  ns;  a  = 
0,01.  One  can  see,  that  the  wave  amplitude  changes  are 
executed  by  inherent  steps,  the  duration  of  which  is  equal  for  a 
wave  turn-over  time  in  a  TWR  (it  is  supposed,  that  changing 
of  the  system  operation  mode  is  executed  instantly). 

On  fig.4  the  graphs  of  a  maximum  normalized  wave 
amplitude  at  an  acceleration  section  entrance  averaged  for  a 
time  of  one  turn-over  in  a  ring  dependence  on  a  duration  of 
turn-over  period  T  for  various  values  of  attenuation  in  a  ring 
are  given  for  the  same  system  parameters. 

The  results  presented  show,  that  the  attenuation  in  a 
TWR  appreciably  influences  on  the  wave  amplitude  (and, 
hence,  and  on  Kp  value)  only  for  small  magnitudes  of  the 
tum-over  time  (T  <  50  ns).  Also  researches  have  shown,  that 
the  optimum  value  of  a  coupling  factor  p  (for  a  maximum 


Fig.3.  Changes  of  normalized  amplitude  of  a  wave  at  an 
accelerating  structure  entrance  /Eq  from  the  time  t  for  t  > 
to- 


E^/Eo 


Fig.4.  Dependence  of  maximum  averaged  for  a  one  turn¬ 
over  time  wave  amplitude  at  an  accelerating  structure  entrance 
Evv  /Eq  on  a  duration  of  one  tum-over  period  T. 

wave  amplitude  E^  )  is  determined  only  by  a  duration  of  an 
energy  storing  period  to  . 

Theoretical  researches  of  an  accelerated  beam  energy 
changes  within  a  stored  energy  using  period  have  shown,  that 
in  difference  from  time  dependence  of  wave  amplitude  in 
TWR  (sec  fig.2)  the  time  dependence  of  beam  energy  is 
smooth  and  has  no  any  steps. 

11.  EXPERIMENTAL  RESULTS 

The  experimental  researches  of  a  ECS  with  resonant 
load  were  conducted  at  RF-generator  pulsed  power  up  to  100 
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kW  in  S-band.  For  energy  storing  there  were  used  a  copper 
cylindrical  cavities  with  Hqis  mode.  This  cavities  had  an 
unloaded  q-factor  Qo  =  90.10^  and  coupling  factor  p=6.  For 
changing  the  system  operation  mode  a  waveguide  discharge 
switches  were  used.  The  experiments  were  conducted  at  two 
values  of  a  wave  turn-over  duration  in  a  ring:  40  ns  and  24  ns. 
The  summary  energy  losses  in  a  ring  in  both  cases  were  about 
0,05. 

The  typical  RF-wave  normalized  power  variations  in  a 
TWR  within  the  energy  using  period  is  shown  in  fig.5. 

Pw/Po 


Fig.  5.  The  RF-wave  normalized  power  variations  in  a 
TWR  within  the  energy  using  period  /Pq- 

E  w  /  E  0 


Fig.  6.  A  maximum  normalized  wave  amplitude  in  TWR 
Ew  /Eo  dependence  on  an  energy  storing  period  duration  to- 

The  results  of  measurements  and  calculations  (on 
expression  (3))  of  a  maximum  wave  amplitude  Ewm  TWR 
dependence  for  considered  parameters  of  a  system  on  an 
energy  storing  period  duration  are  shown  in  fig.6.  The 
measurements  and  accounts  were  made  for  a  ring  with  a  one 
turn-over  duration  T  =  40  ns  and  RF-generator  output  pulsed 


power  up  to  10  kW.  A  measured  values  of  a  maximum  power 
increasing  factor  Kp  for  =  2,5  ps  are  the  following:  for  a 
ring  with  T  =  40  ns  Kp  =  15,0±0,5  dB  ( 32  times  );  for  a  ring 
with  T  =  24  ns  Kp  =  17,0±0,5  dB  ( ~  50  times).  The  calculated 
values  are  14,9  dB  and  16,8  dB,  accordingly.  A  number  of 
experiments  on  a  system  work  research  was  also  conducted  at 
an  RF-generator  power  up  to  100  kW  in  a  pulse.  In  these 
experiments  the  high-voltage  switch  modulator  was  used  only 
for  initialization  of  discharge,  and  the  formation  of  a  plasma  in 
a  switch  was  executed  at  the  expense  of  a  dropping  RF-wave 
power.  In  this  case  a  system  was  capable  to  work  also.  As  it 
was  expected,  there  occur  a  little  decrease  of  a  power 
increasing  factor  Kp  (at  the  expense  of  losses  in  the  switches 
while  plasma  formation).  At  source  power  about  100  kW  the 
measured  value  of  Kp  was  about  14±0,5  dB  (~25  times). 
Further  increase  of  source  power  resulted  in  appearing  of  RF- 
discharges  in  a  TWR  waveguides,  since  the  path  was  under 
atmospheric  pressure,  and  the  maximum  wave  power  in  a 
waveguide  for  this  conditions  is  about  the  permissible  one 
(corresponded  to  electrical  strength  for  used  waveguide: 
72x34  mm2  i.e.  about  2  -  2,5  MW. 

As  far  as  in  a  given  system  a  mode  transfer  switching  is 
executed  at  a  high  power  level  there  is  a  necessity  to  use  the 
discharge  switches,  that  limits  to  some  extend  an  opportunities 
of  such  systems  application.  However,  as  a  positive  fact  it 
should  be  noted,  that  here  the  switches  in  an  opened  state  (i.e. 
in  absence  of  discharge)  operates  only  at  a  feeding  generator 
power  level.  In  the  other  type  systems  with  storing  resonators 
(for  example,  the  system  with  variable  resonator  parameters 
[1])  a  switch  in  opened  state  should  maintain  the  power  levels 
equal  to  those  of  an  output  RF-wave.  This  permits  a 
considerable  simplifying  of  constructions  of  a  switch  and  a 
managing  high-voltage  modulator,  and  in  a  number  of  cases 
(at  not  so  large  power  levels)  to  use  for  switching  a  solid-state 
devices. 
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A  high-power  model  of  an  5-band  rf-pulse  compressor 
utilizing  a  coaxial  traveling-wave  resonator  has  been  designed, 
manufactured  and  tested  regarding  the  energy  upgrade  of  the 
PF  2.5-GeV  linac  for  the  KEKB  project.  An  output  peak 
power  of  201  MW  was  obtained  at  an  input  RF  power  of  45 
MW  with  no  serious  rf  breakdown.  The  average  energy  gain 
was  estimated  to  be  1.75. 

L  INTRODUCTION 

An  energy  upgrade  of  the  PF  2.5-GeV  linac  up  to  8 
GeV  is  underway  for  the  KEK  B-factory  project  with  an 
extension  of  the  linac  and  a  reinforcement  of  the  rf  power  [1]. 
For  the  rf  power  reinforcement,  a  new-type  rf-pulse 
compressor  utilizing  a  TE620-mode  coaxial  traveling-wave 
resonator  has  been  developed  in  parallel  with  the  SLED  [2] 
application.  The  advantages  of  the  new-type  pulse  compressor 
are  simple  structure  and  low  cost. 

A  cold  test  using  a  low-power  model  was  completed  in 
1994,  and  the  expected  pulse-compression  ability  has  been 
demonstrated  [3].  However,  since  the  electric-field  lines  are 
perpendicular  to  the  metal  surface  and  the  electric  field 
gradient  is  extremely  high  (-100  MV/m  for  45  MW  input 
power),  high-voltage  breakdown  may  well  occur.  To  test  the 
breakdown  and  related  problems,  such  as  the  radiation  of  X- 
rays  and  temperature  rise,  a  high-power  test  has  been  carried 
out.  The  design  and  fabrication  of  a  high-power  model  and 
the  high-power  test  results  are  described  in  this  paper. 

IL  DESIGN  AND  FABRICATION 

The  cavity  comprises  four  parts:  an  inner  cylinder,  an 
outer  cylinder,  a  bottom  board  and  a  ceiling  board.  These  four 
parts  and  waveguide  were  assembled  by  silver  and  gold 
brazing.  The  material  of  the  cavity  is  oxygen-free  copper.  The 
cavity  dimensions  were  just  the  same  as  those  of  the  cold 
model.  Because  the  direction  of  the  real  current  on  the  metal 
surface  is  normal  to  that  of  the  lathe’s  blades,  the  surface 
flatness  should  be  sufficiently  smaller  than  the  skin  depth  to 
obtain  a  high  (2 -value.  The  inner  wall  of  the  cavity  was 
planed  to  less  than  0.1  /im  and  finished  by  electrolytic 
polishing.  A  photograph  of  the  high-power  model  of  the 
pulse  compressor  is  shown  in  Figure  1. 


Figure  1:  Photograph  of  the  high-power  model  set  at  the  test 
bench. 

The  measured  rf  characteristics  of  the  cavity  are 
summarized  in  Table  1  along  with  the  design  values.  The 
decrease  in  Qq  (unloaded  value)  is  attributed  to  insufficient 
electrical  contact  between  the  inner,  outer  cylinders  and  the 
bottom,  ceiling  boards.  The  total  weight  of  the  cavity, 
including  support  structure,  is  179  kg. 

Table  1 


Electrical  characteristics  of  the  pulse  compressor. 


designed 

measured 

/o  [MHz] 

2.856 

2.858 

Qo 

59000 

48000 

P 

3.8 

2.7 

VSWR(  tuned) 

1.00 

1.03 

VSWR(  detuned) 

1.00 

1.01 

M 

1.89 

1.75 

M  :  energy  multiplication  factor 


Fine  tuning  of  the  resonant  frequency  was  performed 
by  adjusting  the  rf  frequency  during  this  work.  The  reflection 
from  the  cavity  to  the  klystron  was  minimized  by  adjusting 
the  stubs  set  at  the  ceiling  board  of  the  cavity. 
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III.  PERFORMANCE  TEST 


A.  SETUP 

A  test  bench  was  constructed  in  order  to  perform  a 
high-  power  test  of  the  pulse  compressor.  The  layout  of  the 
test  bench  is  shown  in  Figure  2.  The  output  power  from  the 
pulsed  high-  power  klystron  ( 45  MW,  2856  MHz,  3.8  /ts. 


Figure  2:  Layout  of  the  test  bench. 


50  pps  )  was  fed  into  the  cavity,  and  the  output  power  from 
the  cavity  was  divided  between  a  3-dB  hybrid  and  two  T- 
junctions,  and  absorbed  by  four  high-power  water  loads  (1  /xs, 
50  pps,  100  MW)  developed  by  Nihon  Koshuha  Co.  The  rf 
power  was  monitored  for  forward  and  backward  waves  before 
and  after  the  cavity.  The  vacuum  was  evacuated  by  two  ion 
pumps  (  60  1/min  )  and  the  pressure  was  monitored  by  cold 
cathode  gauges.  The  cavity  temperature  was  monitored  using 
a  thermistor  thermometer.  For  the  interlock  to  stop  the 
klystron,  vacuum  pressures  were  used  as  well  as  the  cooling 
water  for  the  klystron  and  modulator.  The  flow  rate  of  the 
cavity  cooling  water  was  80  1/min  (  30  ±  0.2  °C  ). 

B.  RESULTS 

The  rf  conditioning  was  carried  out  while  monitoring 
the  vacuum  pressure  and  rf  power.  The  base  pressure  was  ~ 
10"^  Pa  after  a  bakeout  at  100  °C  for  4  hours;  the  pressure 
was  kept  below  2  x  10"^  Pa  during  rf  operation. 

After  250  hours  rf  conditioning,  an  output  peak  power 
of  201  MW  was  obtained  for  an  input  RF  power  of  45  MW 
with  a  pulse  width  of  3.8  fis.  An  example  of  the  output  wave 
form  from  the  pulse  compressor  is  shown  in  Figure  3.  The 


(b) 

Figure  3  :  Output  wave  form,  (a)  detuned,  0>)  tuned. 

average  energy  multiplication  factor  (Af)  was  estimated  to  be 
1.75  from  the  pulse  shapes  for  the  tuned  and  detuned 
conditions,  assuming  that  the  output  power  decreases  linearly 
with  time  : 


(45.2  +  16.9)72 

10.1 

The  temperature  rise  of  the  cavity  was  1.0  °C  for  an 
input  power  of  45  MW,  25  pps. 

Figure  4  shows  the  dose-equivalent  rate  of 
bremsstrahlung  X-rays  as  a  function  of  the  input  rf  power 
measured  by  ionization  chamber  at  a  point  2  m  away  from  the 
cavity  center  without  shielding.  The  extrapolated  value  of  the 
dose  rate  for  an  input  power  of  45  MW,  50  pps  is  about  100 
fjS\/h,  The  measured  maximum  energy  of  the  X-ray  was  1.8 
MeV  for  a  40  MW  input. 


1579 


. 

■ 

t  / 

50  pps  ' 

/25 

)ps 

t 

J 

ITT- 

■* 

. 

/ 

. 

. 

10  20  30  40  50 

P[MW] 


Figure  4:  Dose-equivalent  rate  v^.  input  rf  power.  The  pulse 
repetition  rates  are  25  and  50  pps. 


Figure  5:  Typical  trajectories  of  field-emitted  electrons  in 
a  waveguide;  field  gradient  is  130  MV/m  and  the  phase 
velocity  is  1.46c.  The  numbers  in  parenthesis  are  the  kinetic 
energy  of  the  incident  electrons. 

To  overcome  these  problems,  such  an  electromagnetic 
mode  with  a  much  higher  (2-value  (unloaded)  than  this  cavity 
and  with  no  component  of  electric  field  perpendicular  to  the 
metal  surface  should  be  selected.  Design  work  for  the  cavity 
that  satisfies  these  criteria  is  now  in  progress. 
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is  not  observed.  If  we  use  a  quite  "clean"  and  flat  surface 
metal,  the  amount  of  the  radiation,  which  is  caused  by  the 
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Abstract : 

This  paper  presents  a  study  and  design  methodology  for 
enhancing  the  efficiency  of  the  SLED  II  rf  pulse-compression 
system  [1].  This  system  employs  resonant  delay  lines  as  a 
means  of  storing  rf  energy.  By  making  the  external  quality 
factor  of  these  lines  vary  as  a  function  of  time,  the  intrinsic 
efficiency  of  the  system  can  reach  100%.  However,  we 
demonstrate  a  considerable  increase  in  efficiency  even  if  the 
change  of  the  quality  factor  is  limited  to  a  single  event  in 
time.  During  this  event,  the  quality  factor  of  the  lines 
changes  from  one  value  to  another.  The  difference  between 
these  two  values  is  minimized  to  simplify  the  realization  of 
the  quality  factor  switch.  We  present  the  system  optimum 
parameters  for  this  case.  We  also  show  the  extension  of  this 
system  to  two  events  in  time,  during  which  the  quality  factor 
of  the  line  changes  between  three  predetermined  states.  The 
effects  of  the  losses  due  to  the  delay  lines  and  the  switch  used 
to  change  the  quality  factor  are  also  studied. 

L  INTRODUCTION 

The  SLED  II  pulse  compression  system  employs  high-Q 
resonant  delay  lines  to  store  the  energy  during  most  of  the 
duration  of  the  incoming  pulse.  The  round  trip  time  of  an  rf 
signal  through  one  of  the  lines  determines  the  length  of  the 
compressed  pulse.  To  discharge  the  lines,  the  phase  of  the 
incoming  pulse  is  reversed  180°,  so  that  the  reflected  signal 
from  the  inputs  of  the  lines  and  the  emitted  field  from  the 
lines  add  constructively,  thus  forming  the  compressed  high- 
power  pulse. 

The  SLED  II  system  suffers  from  two  types  of  losses  that 
reduce  its  intrinsic  efficiency.  During  the  charging  phase, 
some  of  the  energy  is  reflected  and  never  gets  inside  the  line. 
Also,  after  the  phase  is  reversed,  the  energy  inside  the  line  is 
not  discharged  completely  during  the  compressed  pulse  time 
period.  These  two  effects  make  the  intrinsic  efficiency  of 
SLED  II  deteriorate  very  rapidly  as  the  compression  ratios 
increases  [1].  Increasing  the  coupling  of  the  line  just  before 
the  start  of  the  output  pulse  will  reduce  the  amount  of  energy 
left  over  after  the  output  pulse  is  finished.  This  allows  more 
energy  to  get  out  of  the  storage  line  during  the  compressed 
pulse.  Losses  due  to  reflection  are  reduced  by  keeping  the  line 
coupling  as  a  constant  value  that  is  optimized  for  maximum 
energy  storage  during  the  charging  phase.  If  the  coupling 
during  the  charging  phase  is  a  function  of  time,  then  all  the 
energy  during  the  charging  phase  can  be  stored  in  the  line. 
However,  it  will  be  shown  in  Sec  .II  that  if  the  line  coupling 
changes  only  once  during  the  charging  phase,  a  charging 
efficiency  close  to  100%  can  be  achieved.  Indeed,  with  two 
changes  in  the  line  coupling,  the  first  during  the  charging 
phase  and  the  other  just  before  the  discharging  phase,  intrinsic 
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efficiencies  greater  than  90%  can  be  achieved  for  reasonably 
high  compression  ratios. 

We  first  introduce  a  theory  for  optimizing  the  efficiency 
of  the  pulse  compression  system  using  a  single  change  in  line 
coupling.  We  then  study  the  situation  of  two  changes. 

11.  THEORY  OF  SINGLE-TIME-SWITCHED 
RESONANT  DELAY  LINE 


A.  SLED  II 


Consider  the  waveguide  delay  line  with  a  coupling  iris 
shown  in  Fig.l. 


Vz 


'\yr\^ 


Vi 


vr 


Figure  1.  Resonant  delay  line. 


The  lossless  scattering  matrix  representing  the  iris  is  unitary. 
At  certain  reference  planes,  it  takes  the  following  form: 


5  = 


-Rq 


-Ro 


(1) 


In  writing  Eq.  (1)  we  assumed  a  symmetrical  structure  for  the 
iris  two-port  network.  With  the  exception  of  some  phase 

change,  the  incoming  signal  instant  t  is  the 

same  as  the  outgoing  signal  V2  at  time  instant  t  —  T,  where 
T  is  obviously  the  round  trip  delay  through  the  line;  i.e., 
V^{t)  =  V2(t-T)e-j^^‘  (2) 

where  fi  is  the  wave  propagation  constant  within  the  delay 
line,  and  I  is  the  length  of  the  line.  During  the  charging  phase 
we  assume  a  constant  input,  i.e.,  Vi  (t)  =  Vin  which  equals  a 
constant  value;  If  the  delay  line  has  small  losses,  where  P  has 
a  small  imaginary  part,  then  at  resonance  the  term 

e-j^Pl=-p  ,  (3) 

where  p  is  a  positive  real  number  close  to  1.  Hence,  we  have 


^■(0  =  -^;, 


(4) 


In  Eq.  (4),  Vf  (0  means  the  ingoing  wave  in  the  time  interval 
IT  <  r  <  (i  +  1)t  and  i  =  0,1,2,...  .  After  the  energy  has  been 
stored  in  the  line  it  is  possible  to  dump  part  of  the  energy  in  a 
time  interval  T  by  flipping  the  phase  of  the  incoming  signal 
just  after  a  time  interval  (n-l)T;  i.e.. 


vr(t)= 


Vin 

1 

V 

VI 
o 

-Vn 

(n-l)r<t<nT  (5) 

0 

otherwise. 
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The  output  pulse  level  during  the  time  interval 
(ji-\)T<t  <nx  is  then 


Vout=Vr(n-l)  =  y. 


\-RoP 


n-1 


.(6) 


This  is  the  essence  of  the  SLED  II  pulse  compression 
system.  The  optimum  values  of  the  iris  reflection  coefficient 
such  that  is  maximized  for  a  given  value  of  n  are  given 
in  Ref,  [1]. 

If  a  high-power  rf  switch  existed,  it  would  be  possible  to 
have  100%  efficiency.  This  switch  would  have  to  change  the 
iris  reflection  coefficient  in  a  time  5t  such  that  «  t.  Most 
applications  that  utilize  such  pulse  compression  techniques 
employ  very  high-power  rf  fields;  but  high-power  switches  are 
not  readily  available  and  are  still  a  subject  of  extensive 
research.  It  is  foreseen  that  an  optical  high-power  rf  switch  can 
be  developed  to  switch  at  least  once  every  few  milliseconds 
[2]. 

Switching  the  system  once  can  definitely  improve  its 
efficiency.  There  are  two  possibilities.  First,  the  iris  reflection 
coefficient  can  be  changed  during  the  charging  time  to  put 
more  energy  in  the  line.  Second,  the  system  can  be  switched 
just  before  discharging  it  to  get  all  the  energy  out  of  the  line 
during  the  compressed  pulse. 


B.  Switching  during  charging  time 


During  the  charging  period  the  power  reflected  from  the 
line  reaches  a  peak  during  the  first  time  interval  t.  We 
therefore  make  the  iris  reflection  coefficient  equal  zero  at  the 
beginning.  After  the  first  time  interval  r  we  switch  the  iris  so 
that  the  reflection  coefficient  has  a  value  Rq*  Assuming  a 
resonant  line  and  flipping  the  phase  according  to  Eq.  (5),  the 
output  pulse  expression  takes  the  form 


\n-2 


l-RoP 


a-Rof^p(RoP)"~^+I^)Vin  .  (7) 


The  choice  of  the  value  of  Rq  is  such  that  is  maximized. 
C.  Discharging  By  Active  Switching 


Rfl  =  cos 


tan“ 


Nn-l 


— — - (i-Ao)  P 

\-RqP 


.  (9) 


This  new  reflection  coefficient  is  greater  than  zero,  so  the 
switch  need  only  change  the  iris  between  and  .  The 
output  reduces  to 


^out  ~ 


1+ 


i-(W 

\-RqP 


n-r 


(l-/5o)/ 


^in-OO) 


The  compressed  pulse  takes  place  in  the  interval 
(n-l)r<r<nT.  The  optimum  value  of  Rq  is  such  that  it 
fills  the  system  with  maximum  possible  amount  of  energy  in 
the  time  interval  (n  -Ijr  instead  of  nr  as  in  CASE  1.  Also, 
unlike  CASE  1,  the  incident  power  during  this  interval  will  not 
be  coupled  to  the  line  nor  suffer  from  a  round  trip  loss; 
therefore,  in  CASE  2,  the  system  has  a  higher  efficiency. 


D.  Comparison 


Table  1  compares  the  different  types  of  pulse  compression 
systems.  It  also  gives  the  optimum  system  parameters  for 
each  compression  ratio  defined  here  as  the  total  time 
interval  divided  by  the  duration  of  the  compressed  pulse,  n . 
The  efficiency  of  ^e  system  7j  is  defined  as  the  energy  in  the 
compressed  pulse  divided  by  the  total  incident  energy;  namely. 


77  = 


*^out 

V^in 


(11) 


In  these  calculations  we  assume  a  lossless  system,  p  =  1. 

At  small  values  of  C^.,  switching  the  iris  just  after  the 
first  time  bin  is  the  most  efficient  solution.  When  Q  >  5 , 
switching  the  iris  just  before  the  last  time  bin,  while  reversing 
the  phase  by  180°,  is  more  efficient.  At  high  compression 
ratios,  the  last  time  bin  does  not  contribute  much;  hence, 
switching  the  iris  after  the  last  time  bin  is  almost  equivalent 
to  switching  it  just  before  the  last  time  bin.  For  applications 
that  require  one  pulse  compression  system  or  several  pulse 
compression  systems  with  no  phase  synchronization, 
switching  after  the  last  time  bin  may  be  advantageous  because 
it  can  use  an  oscillator  as  the  primary  rf  source  instead  of  an 
amplifier  or  a  phase  locked  oscillator. 


CASEl :  Discharging  After  The  Last  Time  Bin 

To  discharge  the  line,  the  input  signal  can  be  kept  at  a 
constant  level  during  the  time  interval  0<t<nr  but 
switching  the  iris  reflection  coefficient  to  zero  so  that  all  the 
energy  stored  in  the  line  is  dumped  out.  In  this  case 

~  (1“--^)  py  in^  (o) 

i-RoP 

CASE2:  Switching  Just  Before  The  Last  Time  Bin 

The  ingenious  idea  of  reversing  the  phase,  together  with 
changing  the  iris  reflection  coefficient,  can  be  utilized  to 
reduce  the  burden  on  the  switch.  In  this  case,  all  the  energy 
can  still  be  dumped  out  of  the  line,  but  the  iris  reflection 
coefficient  need  not  be  reduced  completely  to  zero.  During  the 
discharge  interval,  the  new  iris  reflection  coefficient  can  be 
shwn  to  be 


C. 

SLEDH 

77(%)  Rq 

Switching 

during 

charging 

time 

n  (%)  Rq 

Discharging  just 
before  the  last 
timebin 

n  (%) .  Ro  Rd 

2 

78.1 

0.5 

100  0.707 

100  0.0  0.707 

4 

86.0 

0.607 

92.6  0.658 

87.0  0.646  0.536 

6 

74.6 

0.685 

78.1  0.714 

84.9  0.775  0.443 

8 

64.4 

0.733 

66.5  0.754 

84.0  0.835  0.386 

10 

56.2 

0.767 

57.7  0.783 

83.4  0.869  0.346 

16 

40.6 

0.828 

41.2  0.837 

82.7  0.920  0.275 

32 

23.3 

0.893 

23.4  0.897 

82.0  0.960  0.195 

64 

12.6 

0.936 

12.7  0.938 

81.7  0.980  0.138 

128 

6.6 

0.962 

6.6  0.963 

81.6  0.990  0.099 

Table  1.  Comparison  between  different  methods  of  single 
event  switching  pulse  compression  systems. 
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E,  Effect  of  losses 


As  the  compression  ratio  increases,  the  stored  energy 
spends  more  time  in  the  storage  line  and  the  finite  quality 
factor  of  the  line  affects  the  efficiency.  Figure  2  shows  the 
effect  of  losses  for  different  compression  ratios.  The  round-trip 
line  losses,  plus  reflection  losses  at  the  end  of  the  line  and 
reflection  losses  at  the  active  iris,  is  defined  as 

Round  Trip  Power  Losses  =  1  -  .  (12) 

In  Fig.  2,  for  a  given  Cj.  the  method  used  to  switch  the  iris  is 
the  optimum  one  for  that  particular  Q . 


mM 

Rd 

n(%) 

4 

0.776 

0.502 

99.2 

8 

0.881 

0.361 

96 

16 

0.937 

0.26 

92.6 

32 

0.967 

0.187 

89.7 

64 

0.983 

0.134 

87.5 

128 

0.991 

0.095 

85.8 

256 

0.995 

0.068 

84.6 

Table  2.  Efficiency  and  optimum  parameters  for  a  twice- 
switched  resonant  delay  line 


IV.  CONCLUSION. 


Figure  2.  Effect  of  line  and  switching  iris  losses  on 
compression  efficiency  for  a  one-time-switched,  resonant  delay 

line 

ni.  THEORY  OF  TWICE-SWITCHED 
RESONANT  DELAY  LINE 


If  an  iris  changing  its  S-matrix  parameters  can  be  realized 
twice  during  the  time  period  of  charging  and  discharging  the 
resonant  line,  a  near  perfect  pulse  compression  system  can  be 
achieved.  To  see  this,  the  system  starts  with  an  iris  that  has  a 
zero  reflection  coefficient.  After  the  first  time  bin,  the  iris 
reflection  coefficient  changes  io  Rq  ;.  To  discharge  the  line,  the 
iris  reflection  coefficient  is  changed  from  Rq  to  just 
before  the  final  time  bin,  while  reversing  the  phase  according 
to  Eq.(5);  optimum  R^  takes  the  form 


R^  -  cos 


tan 


-1 


i-(W 


n-2 


The  output  now  has  the  following  form 


1  + 


1-(W 

I-RqP 


n-2 


J 

(13) 


(14) 

Table  2  shows  the  optimum  system  parameters  and  the 
efficiency  for  different  compression  ratios.  The  system  is 
assumed  lossless  in  these  calculations. 


We  have  developed  the  theory  for  a  single-time-switched 
and  a  twice- switched  resonant  delay  line  pulse-compression 
system.  Comparison  between  different  methods  of  switching 
and  the  original  passive  SLED  II  pulse-compression  system 
shows  that  a  significant  improvement  in  efficiency  can  be 
obtained  with  a  single- time- switched  line.  Furthermore,  a 
twice-switched  line  can  achieve  efficiencies  near  100%  for  a 
relatively  large  compression  ratio.  We  basically  have  three 
methodologies  for  switching  a  single-time  switched  resonant 
delay  line.  First,  we  can  switch  the  iris  that  governs  the 
quality  factor  of  the  line  after  the  first  time  bin;  this  is 
suitable  for  compression  ratios  less  than  5.  For  compression 
ratios  greater  than  5,  the  iris  should  be  switched  just  before  the 
last  time  bin.  At  the  same  time,  the  phase  of  the  input  during 
the  last  time  bin  should  change  by  180°.  For  compression 
ratios  greater  than  16,  switching  the  line  after  the  last  time  bin 
is  almost  equivalent  to  switching  the  line  just  before  the  last 
time  bin.  If  the  application  does  not  require  control  over  the 
phase  of  the  output,  an  oscillator  can  be  used  (instead  of  an 
amplifier  or  a  phase  locked  oscillator)  while  switching  after 
the  last  time  bin.  In  all  cases,  losses  will  reduce  the  system 
efficiency  greatly,  especially  at  high  compression  ratios. 
Unlike  SLED  II,  the  gain  is  not  limited  to  9.  At  high 
compression  ratios,  in  order  to  make  use  of  the  high  gain 
provided  by  switching  the  line,  a  superconducting  structure 
may  be  required. 
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Abstract: 

We  present  design  methodology  for  high  power 
microwave  switches.  Among  all  possible  applications  for  such 
a  switch  we  emphasize  the  design  parameters  for  application  to 
the  pulse  compression  system  associated  with  the  Next  Linear 
Collider.  (NLC)[1].  The  switch  is  based  on  the  excitation  of  a 
plasma  layer  within  a  silicon  wafer  by  either  a  laser  or  an 
electron  beam.  We  investigate  problems  associated  with  high 
power  operation  of  such  a  switch.  Mainly,  we  explore 
solutions  to  the  problems  of  thermal  runaway,  avalanche 
breakdown,  photo-emission,  and  secondary  emission.  Different 
design  methodologies  are  presented. 

L  INTRODUCTION 

Optical  control  of  microwave  components  have  been 
under  investigation  for  over  two  decades.  A  review  of  the  basic 
ideas  and  device  physics  may  be  found  in  [2].  Most  of  the 
work  in  that  field  was  done  at  milli-meter  wavelengths  around 
94  GHz  for  application  with  phased  array  antennas.  For  this 
type  of  applications  the  devices  need  not  handle  large  amounts 
of  power.  Also,  there  is  not  big  constrains  on  the  amount  of 
losses  that  these  devices  may  exhibit.  However,  the  main 
emphasis  in  designing  these  devices  was  speed.  Pico-second 
switches  and  phase  shifters  is  reported  on  the  literature  [2].  On 
the  other  hand,  development  of  optical  control  of  high  power 
DC.  switches  required  a  low  loss  devices  and  an  appropriate 
design  to  deal  with  thermal  runaway  problems  [2].  Activation 
with  electron  beam  for  these  DC  switches  was  also 
considered[3]. 

To  date,  there  is  no  active  devices  that  can  control  and 
manipulate  multi-megawatt  microwave  signals.  Applications 
that  can  make  use  of  such  a  device  include,  but  not  limited  to, 
pulse  compression  systems  required  to  drive  linear  accelerators 
(for  scientific  research  such  as  NLC,  for  medical  applications 
and  for  remote  sensing)  and  ,  broadening  the  band  width  of 
high  power  sources  such  as  klystrons  and  magnetrons  by 
actively  detuning  there  cavities  (for  radar  applications).  Bulk 
effects  in  semiconductors  have  the  potential  of  producing  a 
working  device  in  that  regime.  Of  course,  the  design 
parameters  will  depend  on  the  application.  In  the  following 
presentation  we  will  emphasize  on  the  design  parameters 
required  for  the  NLC.  Although  the  ideas  presented  may  be 
extended  to  any  of  these  other  applications. 

We  start  by  the  analysis  of  a  symmetric  3-port  device.  We 
explore  the  ability  of  controlling  the  coupling  between  two  of 
the  ports  by  actively  changing  the  termination  of  the  third 
port.  We  derive  general  expression  for,  power,  losses,  and  peak 
electric  field  in  that  third  arm,  which  we  shall  call  the  active 
arm.  In  section  III.  we  explore  silicon  as  an  active  material  for 
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our  device.  In  section  IV  we  explore  different  operating  modes 
of  the  device. 


II.  MICROWAVE  CONTROL  WITH  A  THREE 
PORT  DEVICE. 

Consider  the  three  port  device  shown  in  Figure  1,  The 
device  is  composed  from  a  basic  lossless  three  port  device  with 
two  similar  ports  namely,  port  1  and  port  2  followed  by  a  two 
port  junction  cascaded  after  port  2.  Since  the  scattering  matrix 
Sof  the  symmetric  3-port  junction  is  unitary,  at  certain 
reference  planes  we  have 

sin  6 


S  = 


sin^(~) 

-cos^(^) 
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-cos^(^) 

sin2(|) 
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sin0 

sin0 

.  V2 

V2 

V2 

Sind 

IT 

COS  6 


(1) 


where  0  is  a  parameter  that  completely  define  the  scattering 
matrix.  The  scattered  rf  signals  V“  is  related  to  the  incident  rf 
signals  by 

(2) 

where  vf  represents  incident/reflected  rf  signal  from  the  i.th 
port.  We  terminate  the  third  port  so  that  all  the  scattered  power 
off  that  port  is  completely  reflected;  i.e., 

(3) 


Figure  1  Schematic  diagram  of  the  active  switch. 

By  changing  the  angle  y/of  the  third  port  terminator,  the 
coupling  between  the  first  and  the  second  ports  can  vary  from 
Oto  1. 

Let  the  reflection  coefficient  from  the  cascading  two  port 

junction  equals  to  .  After  some  algebra  one  can  show  that 
the  total  reflection  coefficient  of  the  two  cascaded  junctions  is 

|y~l  /  xr  \l/2 


Kfa;(r)|  = 


lo  J 
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where 


+  il-r2fx^  cos^ 


(f)}' 


and 


D  =  2|l  +  r3  “2^*3  008  V'^+2(l“r3)jccos^-“j  r3cos^^--~j-cos^0  +  - 
=2|(l--r3)^cos^|^Yj  +  2(l-r3):<rcos^-^j  '*3^08^^- yj-cos^^  +  yj  +;c^[l  +  r3 -2r3COS  v^]j.  (6) 


and  r3  =  cos  0  is  the  reflection  coefficient  from  the  third  port 
when  the  other  two  ports  are  matched. 

The  outgoing  wave  in  the  third  arm  has  an  amplitude 

\l/2.  . 
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where 


3  =(l-r3)^|2;ccos0-;c^ -1  , 


(7) 


(8) 


IIL  THE  SILICON  SWITCH 


To  actively  change  the  angle  of  the  reflection  coefficient 
at  the  third  port  we  place  a  piece  of  semiconductor  material  in 
the  third  arm.  An  external  stimulus  such  as  an  electron  beam 
or  a  laser  light  can  induce  an  electron-hole  pleisma  layer  at  the 
surface  of  the  semiconductor,  thus  changing  its  dielectric 
constant.  Therefore,  the  propagation  constant  of  rf  signals 
through  the  active  arm  changes;  and  consequently  the  coupling 
between  the  other  two  ports  also  changes. 

For  the  pulse  compression  system  application  associated 
with  the  NLC,  it  is  required  to  change  the  reflection  coefficient 
at  the  first  arm  between  two  fixed  values  [4].  The  device  should 
remain  in  one  state  for  approximately  2p,sec,  and  in  the  other 
state  for  250  nsec.  Since  silicon  has  a  carrier  life  time  that  can 
extend  from  1  |isec  to  1  msec  it  seems  like  a  natural  choice  for 
this  application.  One  can  excite  the  plasma  layer  with  a  very 
short  pulse  from  the  external  stimulus  (~5nsec)  and  the  device 
will  stay  in  its  new  status  long  enough  till  all  the  rf  signal  is 
terminated.  The  repetition  rate  for  this  pulse  compression 
system  is  180  pulse/sec.  This  will  give  enough  time  between 
pulses  for  the  switch  to  completely  recover. 

Indeed,  this  switch  need  to  have  a  very  small  amount  of 
losses.  Following  classical  arguments[5],  one  can  show  that 
the  dielectric  of  constant  of  a  semiconductor  material  is 
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CO  is  the  radial  frequency  of  the  rf  signal,  m*  is  the  effective 
mass  of  carrier  i  (electron,  light  hole  and  heavy  hole),  Ni  is 
carrier  density,  e  is  the  electron  charge,  and  v,-  is  the  collision 
frequency.  This  later  quantity  is  related  to  the  measured  values 
of  the  dc.  mobility  fii  [6]  as  follows: 


V;  e 


(12) 


Comparison  between  estimates  of  for  silicon  to  11.424 
GHz,  the  operating  frequency  of  the  NLC,  shows  that 
Zi  » 1.  Hence,  one  can  show  that  the  dielectric  constant  is 
given  by  the  classical  relation 
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where 


(T  =  e^HiNi,  (14) 

i 

which  is  the  conductivity  of  the  semiconductor. 

To  minimize  the  losses  in  the  state,  i.e.,  when  there  is 
no  plasma  excited,  we  need  to  have  a  very  pure  semiconductor 
material  such  that  the  intrinsic  carrier  density  is  very  small.  In 
the  On  state,  i.e.,  when  the  plasma  layer  is  excited,  the  carrier 
density  should  be  large  enough  so  that  the  semiconductor  acts 
like  a  good  conductor  and  thus  minimizing  the  losses. 

At  a  carrier  density  10^  ^/cm^  silicon  would  have  a 
conductivity  of  -3.3x10^  mho/cm.  This  is  two  orders  of 
magnitude  smaller  than  that  of  copper.  However,  it  is  high 
enough  to  make  an  effective  reflector.  The  skin  depth  of  rf 
signal  at  the  NLC  frequency  at  this  conductivity  level  is 
~8|im.  In  choosing  the  laser  wavelength  to  produce  the  photo- 
induced  carriers,  light  penetration  depth  should  be  comparable 
to  this  skin  depth. 


IV.  HIGH  POWER  SWITCH  FOR  NLC 


To  compress  the  rf  signal  efficiently  by  a  factor  of  8  the 
magnitude  of  the  reflection  coefficient  of  an  iris  need  to  change 
between  0.84  and  0.39 [4].  This  change  should  take  place  in 
less  than  5  nsec.  This  iris  should  be  able  to  handle  300  MW 
when  it  has  a  reflection  coefficient  of  0.84  for  a  period  of  1.75 
lasec,  and  1.9GW  for  a  period  of  250  nsec  when  it  has  a 
reflection  coefficient  of  0.39.  The  repetition  rate  for  the  whole 
process  is  180  Hz. 

Consider  making  the  active  arm,  in  the  device  discussed  in 
section  III,  from  a  circular  waveguide  operating  at  the 
fundamental  mode  (TEu).  By  placing  a  silicon  wafer  that  has 
the  same  cross  sectional  area  as  the  waveguide  we  can  change 
the  reflection  coefficient  angle  y/'between  two  values.  At  the 
off  state  the  rf  signal  will  be  reflected  from  a  short  circuit  that 
temoinate  the  active  arm.  At  the  on  state  the  signal  will  be 
reflected  from  the  silicon  wafer  that  acts  like  a  good  conductor 
because  of  the  induced  plasma  layer. 

The  high  power  constrains  on  the  switch  discussed  above 
now  translates  to  the  following  two  conditions: 
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1.  in  the  off  state  the  silicon  wafer  should  not  be  subjected  to 
an  electric  field  that  exceed  150  kV/cm  which  is  the 
estimated  limit  for  the  avalanche  break  down  of  a  piece  of 
silicon  that  has  dimensions  of  few  cm. 

2.  At  the  on  state,  the  amount  of  power  dissipated  in  the 
silicon  wafer  should  not  raise  its  temperature  so  that  it 
exceeds  70C  when  switch  is  to  be  operated  at  the  off  state 
once  more. 

Making  the  switch  operate  at  the  off  state  during  1.75|isec 
when  the  power  levels  are  relatively  low  seems  a  natural 
choice.  One  can  show  that  peak  electric  field  in  this  arm  in 
terms  of  the  incident  power, 
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where  A  is  the  free  space  wavelength,  Zq  is  the  free  space 
wave  impedance,  a  is  the  circular  waveguide  radius,  ande^  is 
the  dielectric  constant  of  the  material  filling  it. 

By  making  the  coupling  to  the  third  port  as  small  as 
necessary  one  can  reduce  the  peak  field  for  any  given  amount 
of  incident  power.  Also,  increasing  the  diameter  of  the 
waveguide  will  reduce  the  field. 

On  the  other  hand,  the  power  dissipated  at  the  silicon 
wafer  during  the  on  state  is 


p  /  p 

losses  '  ■‘me 


(16) 


where 


5  =  [(onfall)  (17) 

which  is  the  skin  depth  of  the  rf  signal  inside  the  silicon 
wafer.  Reducing  the  coupling  to  the  third  port  increases  the 
losses.  Further,  increasing  the  diameter  also  increase  the 
losses. 

Hence,  the  conditions  for  minimum  peak  field  and  small 
losses  contradict  each  other.  However,  a  reasonable 
compromise  can  be  reached.  For  example,  we  choose  the  value 
of  r3  =0.866,  the  value  of  x=0.84,  the  angle  0=23°,  and  the 
waveguide  radius  a=0.35*’,  we  would  have  an  active  iris  that 
have  a  peak  electric  field  of  less  than  150kV/cm  in  the  active 
arm  for  an  incident  power  of  500  MW,  while  maintaining  a 
reflection  coefficient  of  0.84.  This  is  illustrated  in  Fig  2.  At 
the  on  state,  the  losses  in  the  third  arm  is  less  than  2%,  while 
maintaining  a  reflection  coefficient  of  0.39.  This  is  illustrated 
in  Fig.  3. 

To  cool  the  silicon  during  the  on  state,  we  are  currently 
investigating  the  possibility  of  using  a  diamond  substrate. 


V  CONCLUSION 


We  reported  a  three  port  device  that  can  serve  as  an  active 
iris  for  the  NLC  pulse  compression  system.  We  presented  the 
design  equations  and  design  methodology  for  such  an  iris.  We 
finally  gave  a  design  example  for  such  an  iris.  We 
demonstrated  the  possibility  of  such  a  device  to  work  at  the 
high  power  levels  required  by  the  NLC  rf  pulse  compression 
system. 


-• - Total  Reflection  Coefficient 


the  phase  angle  of  the  active  port 


Total  Reflection  Coefficient 


Figure  3.  Reflection  coefficient  and  power  dissipated  in  the 
silicon  wafer  during  the  on  state  versus  the  phase  of  the  active 

port. 
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Abstract 

The  RF  electric  field  is  reduced  by  more  than  a  factor 
of  two  using  a  pair  of  symmetrically  located  irises  in  a  new 
type  of  klystron  window  operating  in  the  TEoi  mode  at  X- 
Band.  The  advantages  of  this  window  over  the  usual  TEoi 
half-wave  resonant  window  are  discussed  as  well  as  theory 
and  operating  results.  Ultra  high  purity  alumina  formed  by 
the  HIP  process  is  used.  This  window  has  been  successfully 
tested  at  100  MW  with  a  1.5  microsecond  RF  pulse  width 
and  is  being  used  on  the  XL  series  klystrons. 

I.  INTRODUCTION 

RF  electric  field  breakdown  in  the  output  window  is 
one  of  the  mechanisms  that  frequently  limits  the  peak 
power  that  can  be  produced  by  klystrons  at  X-band. 
Conventional  pillbox  windows  operating  in  the  TEn  mode 
in  single-mode  sized  circular  waveguide  are  at  risk  when 
operated  above  about  10  MW  depending  on  pulse  width. 
Thicker,  sometimes  larger  diameter,  windows  have  been 
successfully  tested  at  SLAC  to  85  MW  in  a  resonant  ring 
but  have  a  history  of  failing  in  the  25  to  60  MW  range 
when  operating  at  pulse  widths  in  the  1  microsecond  range 
[1] 

Windows  operating  in  the  TEqi  circular  mode  have  the 
advantage  of  having  no  electric  field  lines  terminating  in 
the  braze  fillet  area  at  the  edge  of  the  ceramic  disk  thereby 
reducing  the  liklihood  of  RF  breakdown  originating  at  this 
vulnerable  location.  The  very  compact  flower  petal 
rectangular  TEjo  to  circular  TEqi  high  power  mode 
transducer  [2][3]  has  recently  been  incorporated  into  the 


vacuum  envelope  of  the  XL  series  klystrons  at  SLAC. 

Historically,  TEqi  windows  are  usually  half-wave 
resonant  in  thickness  and  therefore  self-matched.  There  are 
still  several  drawbacks  that  should  be  mentioned  regarding 
operation  in  the  TEqi  mode  with  a  half-wave  resonant 
window.  Thick  ceramic  always  have  trapped  resonances 
(ghost  modes)  that  may  be  close  to  the  operating 
frequency.  The  bandwidth  is  narrow  (typically  3%  where 
the  VSWR  is  <1.20)  unless  broadbanding  elements  are 
used. 

A  new  type  of  window,  operating  also  in  the  TEqi 
mode,  but  with  the  RF  electric  field  in  the  ceramic 
reduced  by  more  than  a  factor  of  two  for  a  given  power  has 
been  built  and  tested  in  a  traveling  wave  resonant  ring  to 
100  MW  with  a  1.5  microsecond  pulse.  Furthermore  the 
field  within  the  ceramic  exists  in  a  pure  traveling  wave. 

The  field  reduction  is  accomplished  by  symmetrically 
locating  two  circular  inductive  irises  on  each  side  of  the 
window.  The  resulting  RF  electric  field  variation  as  a 
function  of  axial  position  for  a  given  r  and  ^  is  shown  in 
figure  1.  The  field  reduction  is  accompanied  by  a 
reciprocal  field  enhancement  further  away  from  the  window 
if  the  iris  is  inductive.  A  conjugate  capacitive  element 
would,  in  theory,  produce  the  same  field  reduction  at  the 
window  surface  without  the  accompanying  field 
enhancement.  Capacitive  irises  however  are  impractical 
and  su  seep  table  to  breakdown  themselves  in  TE  mode 
transmission. 


4.95 

Figure  1.  Comparison  of  the  reduced  field  TW  window  (left)  with  a  half-wave  resonant  window  (right),  both  operating  in  the 
IE  01  circular  mode.  In  addition  to  the  TW  version  having  substantially  lower  RF  elctric  field  at  the  window  surface,  the  integrated 
dielectric  power  losses  are  only  23%  that  of  the  half-wave  resonant  window.  The  axial  coordinate  is  expanded  for  clarity. 
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Reduced  field  pure  TW  windows  have  been  used 
previously  but  these  were  operating  in  the  TEj  j  mode. 
Sergi  Yu.  Kazakov  described  a  successful  X-Band  version 
of  the  above  at  the  LC93  Workshop  [4].  An  S  band  version 
was  used  at  SLAC  in  the  early  1980's  but  was  abandoned 
because  it  was  very  narrow  band  and  therefore  sensitive  to 
dimensional  tolerances  and  also  field  emission  occured  at 
the  enhanced  field  location.  The  field  enhancement  does 
not  appear  to  be  a  problem  in  the  TEq  i  mode  because  the 
field  is  zero  at  all  the  metal  surfaces. 

Among  the  advantages  of  the  reduced  field  TW  over 
the  half-wave  resonant  window,  both  in  the  TEqi  mode, 
are: 

1)  Lower  surface  electric  field  (>2x) 

2)  Lower  dielectric  loss  (23%  that  of  VH) 

3)  Better  bandwidth 

4)  Uniform  loss  in  axial  direction 

5)  Fairly  insensitive  to  e’ 

6)  TW  at  any  thickness  but  A,  g/4  is  optimum  for  BW 

11.  THEORY 


The  normalized  susceptance  of  each  iris  required  to 
produce  the  field  reduction  and  at  the  same  time  produce 
the  pure  TW  condition  within  the  ceramic  is  given  by 


B 

Yo 

(1) 


where  Xg  and  Vg  are  the  guide  wavelengths  at  the  design 
frequency  for  the  TEqi  modes  in  the  circular  waveguide 
outside  and  inside  the  ceramic  window  respectively. 


The  distance  from  the  face  of  the  ceramic  to  the 
equivalent  plane  of  a  thin  inductive  iris  with  the  above 
susceptance  is  given  by 


'  =  A, 


1  1 

- tan  ‘ 

2  An 


(2) 


The  resulting  symmetrical  wave  configuration  at  the 
given  frequency  is  a  partial  standing  wave  between  the  iris 
and  the  window  and  a  pure  traveling  wave  both  inside  the 
ceramic  and  outside  the  irises. 

The  RF  electric  field  is  reduced  at  the  surface  of  the 
ceramic  window  by 


RF  Field  Reduction  Ratio  = 


(3) 


compared  with  the  RF  electric  field  in  a  TEqi  traveling 
wave  and  that  which  exists  at  the  surface  in  a  TEqi  half¬ 
wave  resonant  window.  A  pure  traveling  wave  exists 
within  the  ceramic  at  only  a  single  frequence.  At  this 
frequency  the  match  is  independant  of  the  window 
thickness.  The  bandwidth  characteristics  however  vary 
widely  with  window  thickness  and  it  turns  out  that  the 
optimum  passband  response  is  obtained  when  the  dielectric 
window  thickness  is  approximately  one-quarter  of  a  guided 
wavelength  in  the  dielectric  as  shown  in  Figure  2. 


’11.2  11.3  11.4  11.5  11.6 

Frequency  (GHz)  794,^6 


Figure  2.  A  pure  TW  condition  and  a  perfect  match  at 
11.486  MHz  exists  for  all  thicknesses  but  BW  is 
optimum  for  X  g/4. 

A  program  has  been  written  using  cascaded  equivalent 
circuit  elements  to  model  this  window/iris  assembly  taking 
into  acount  the  behavior  with  frequency  of  each  element 
and  connecting  waveguide  electricd  lengths. 

The  response  resembles  a  second  order  Tchebycheff 
matching  transformer  where  there  are  two  frequencies 
where  a  perfect  match  exists.  The  upper  frequency  match 
is  the  pure  TW  condition  just  described  where  the 
admittance  throughout  the  dielectric  is  constant  and  real. 
The  lower  frequency  match  is  the  condition  where  the 
admittance  varies  throughout  the  dielectric  but  is  purely 
real  at  the  ceramic  midplane.  (A  symmetical  structure  is 
matched  if  the  admittance  at  the  plane  of  symmetry  is 
real.)  Since  it  is  usually  desirable  to  operate  in  the  center 
of  the  passband  it  is  reasonable  to  modify  the  design  so 
that  the  operating  frequency  is  midway  between  the  upper 
and  lower  match  frequencies.  The  field  variation  within 
the  ceramic  at  the  center  frequency  is  still  nearly  a  pure 
traveling  wave. 
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Fig  2  (left)  Pure  TW  at  11.424  GHz  but  not  centered  and 

(right)  Pure  TW  at  11.486  GHz  but  centered  at  11.424  GHz 

The  theorectical  passband  responses  shown  in  Figure  2 
were  calculated  for  an  operating  frequency  of  11.424  MHz. 
The  curve  on  the  left  corresponds  to  a  pure  traveling  wave 
at  the  design  frequency  but  the  passband  is  not  centered. 
By  redesigning  the  window  circuit  for  approximately  11.486 
MHz,  the  passband  is  centered  at  the  design  frequency, 
midway  between  the  two  match  frequencies. 

The  exact  size  of  the  TEqi  iris  aperature  to  obtain  the 
required  inductive  susceptance  in  Eq.  (1)  and  its  variation 
with  frequency  was  calculated  using  mode  matching 
methods. 

ni.  MECHANICAL  DESIGN 

The  mechanical  properties  of  the  TW  TEqi  window 
are  similar  to  the  X-band  window  described  in  earlier 
papers  [1].  The  window  surface  must  be  titanium  nitride 
coated  to  surpress  multipactor  as  described  in  earlier 
papers.  This  requires  that  the  irises  be  separate  from  the 
window  cylinder  so  as  not  to  mask  the  window  surface 
during  the  coating  process.  The  exact  iris  positions  relative 
to  the  window  surface  are  therefore  subject  to  the  amount 
of  torgue  applied  to  the  bolts  on  the  crush  seal  flanges.  Test 
were  done  to  determine  this  effect  and  the  flange 
dimension  adjusted  accordingly, 

IV.  TEST  RESULTS 

Ceramics  formed  by  the  Hot  Isostatic  Press  (HIP) 
process  have  been  successfully  used  for  two  of  the  six 
windows  of  this  type  that  have  been  built.  These  two  were 
super  high  purity  alumina  that  is  magnesium  free.  Both  of 
these  were  metallized  and  brazed  but  one  braze  developed 
a  very  small  leak  during  testing.  There  has  not  been  enough 
confidence  to  date  to  risk  using  the  super  high  purity 
material  on  a  window  destined  for  installation  on  a  klystron 
because  of  brazing  experience  at  SLAC  and  elsewhere. 

Four  windows  were  tested  on  the  Traveling  Wave 
Resonant  ring  to  power  levels  between  75  and  100  MW 
with  a  1.5  microsecond  pulse.  One  of  the  AL-995  windows 
failed  at  100  MW  while  the  others  survived.  The  two 


windows  that  were  installed  on  50  MW  klystrons  are  still  in 
operation. 

V.  SUMMARY 

It  is  believed  that  past  X-Band  high  peak  power 
window  failures  at  SLAC  can  be  attributed  to  breakdown 
originating  at  the  braze  fillet  at  the  edge  of  the  ceramic 
and  also  to  multipactor.  The  TEqI  TW  window  has  been 
shown  to  be  very  resistant  to  both  of  those  failure 
mechanisms  and  has  enabled  us  to  push  RF  breakdown 
thresholds  to  higher  peak  power  levels  and  longer  pulse 
widths. 
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DESIGN  AND  HIGH-POWER  TEST  OF  A  TEl  1-MODE  X-BAND 
RF  WINDOW  WITH  TAPER  TRANSITIONS 

Y.  Otake,  S.  Tokumoto  and  H.  Mizuno,  KEK,  National  Laboratory  for  High  Energy  Physics,  1-1  Oho, 

Tukuba-shi,  Ibaraki-ken,  305,  JAPAN 


A  TE 11 -mode  X-band  RF  window  capable  of  passing 
RF  power  above  70  MW  with  500  ns  duration  has  been 
developed  for  installation  to  a  pulse  high-power  klystron. 
The  window  comprises:  a)  TEIO(WRJ-IO)  -  TEl  1-mode 
(WC-5)  converters,  b)  circular-waveguide  tapers  and  c)  an 
alumna  ceramic  with  a  circular-waveguide  frame.  This 
paper  describes  its  design  and  high-power  performance.  The 
basic  design  concept  is  to  reduce  the  RF  field  strength  on 
the  ceramic  surface  by  increasing  the  diameter  of  its 
ceramic  part  compared  to  an  ordinary  pill-box-type  window. 
The  design  of  its  RF  structure  was  achieved  by  using  a 
circuit  model,  and  was  confirmed  by  numerical  simulations. 
The  dimensions  of  the  window  necessary  to  obtain  good  RF 
transmission  were  found  by  changing  the  length  of  the 
circular-waveguide  frame.  A  high-power  test  using  a 
traveling- wave  resonator  has  been  successfully  carried  out 
up  to  a  circulating  power  of  100  MW  with  a  300ns  pulse 
width.  The  tests  showed  that  the  break-down  limit  of  the 
electric-field  strength  on  the  ceramic  surface  was  about  8 
kV/mm.  This  limit  was  the  same  as  in  the  case  of  S-band 
pill-box  window  experiments. 

1.  INTRODUCTION 

In  high-energy  physics  institutes,  such  as  KEK,  SLAC 
and  BNIP,  the  development  of  lOOMW-class  X-band 
klystrons  is  underway  for  future  linear  colliders.  For 
realizing  klystrons,  the  alumna-ceramic  RF  window  is  one 
of  the  key-technologies.  Therefore,  the  development  of  a 
window  capable  of  passing  RF  power  above  100  MW  is 
necessary. 

Ordinary  pill-box  type  windows  have  been  evaluated  in 
high-power  tests  of  the  XB50K(30MW  class  output)  and 
72K(100MW  class  output)  series  in  accordance  with  an  X- 
band  klystron  R&D  program.  0  These  tests  have  shown  that 
the  limitation  of  its  peak  RF-power  is  around  20  -  30  MW 
with  a  200  ns  pulse  width. 

Generally,  the  electrical-breakdown  phenomena  of  an 
alumna  ceramic  depends  on  its  surface  electric-field 
strength.  In  a  series  of  experiments  concerning  S-band 
ceramic  windows  by  Y,  Saito  of  KEK, 2)  the  maximum  field 
strength  on  the  ceramic  surface  was  found  to  be  8 
kV/mm(Peak  value).  Above  this  field  strength,  ceramic 
showed  fatal  destruction,  such  as  blow  holes,  cracks  and 
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vacuum  leaks.  In  order  to  reduce  the  ceramic  surface-field 
strength,  an  over-size  TEl  1 -mode  ceramic  window  with 
tapered  transitions  was  designed  and  tested.  The  window  is 
shown  in  Fig.  1. 

11.  DESIGN  AND  LOW-POWER 
MEASUREMENTS 

The  basic  criteria  for  deagning  the  TEll  window  are 
as  follows:  a  circular  ceramic-disk  was  chosen  for  easy 
machining  and  brazing;  furthermore,  a  large-diameter 
ceramic-disk,  compared  with  the  wavelength  of  the  window 
operation  frequency (11.424  GHz),  was  adopted.  The  cut-off 
frequency (1.125GHz)  of  the  ceramic  part  is  far  lower  than 
the  operation  frequency.  In  some  cases,  higher-order  mode 
RF-signals  generated  by  the  ceramic  surfaces,  the  mode- 
converters  and  the  taper  transitions  could  be  trapped  in  the 
ceramic  and  between  the  tapers(so-called  trapped-mode 
resonance);  this  may  cause  a  local  higher  field  or  heat  up 
of  the  ceramic.  Therefore,  the  mode  selection  of  the 
window  becomes  important  and  the  trapped-mode 
resonances  must  be  separated  from  the  operating  frequency. 
The  TEll -mode  was  chosen  for  simplikty  of  mode- 
conversion  from  the  TEOl-mode. 

The  TEll -mode  circular-ceramic  window  with  taper 
transitions  is  divided  in  to  3-parts:  a)  mode-converters  from 
a  rectangular- waveguide  mode(TEOl)  to  a  circular- 
waveguide  mode(TEll);  b)  two  circular-waveguide  tapers 
and  c)  a  51(|)  circular-waveguide  frame(WC-5)  installing  an 
about  0.8nm  TiN  coated  ceramic-disk(NITOKU,  UHA-99  & 
HA-997,  4.1  mm  thickness). 

In  the  design  stage  of  the  window,  the  RF  character¬ 
istics,  such  as  the  frequency  responses,  of  this  type  over¬ 
size  window  were  not  clear.  The  dimensions  of  the  window 
must  be  chosen  in  order  to  avoid  any  trapped-mode 
resonance.  For  this  reason,  the  following  4  design  steps 
were  carried  out:  a)  impedance  matching  using  a  circuit- 
model  method^)  was  used  and  determines  roughly  the  S- 
parameter  behavior;  b)  the  trapped-modes  of  the  ceramics 
and  the  susceptance  components  of  the  taper  transitions 
were  analyzed  by  a  field-matching  method;^)’^)  c) 
numerical  simulations  using  RF-structure  analysis  codes, 
such  as  "MAFIA"  and  "HFSS",  were  carried  out  in  order  to 
confirm  the  results  of  the  analysis  above  mentioned  and  d) 

Cenmic(S4  A3t  /  er  »  8.8  or  9.3) 
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Fig.  1:  Schematic  diagram  of  the  TEll  window 


LI  U  Yc  =  Yl/nc*»2 
Fig.  2:  Circuit  model  of  the  window 
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to  also  confirm  the  results  obtained  above  and  to  determine 
the  final  dimensions  of  the  window,  several  cold  models 
were  tested. 

A.  Circuit  model  and  electromagnetic  field  analysis 

The  circuit  model  of  the  window  was  constructed  as 
shown  in  Fig.  2,  and  used  for  the  analysis.  The  definition  of 
a  waveguide  characteristic- admittance  is  "Yq  =P/V^'’ 
which  Schelkunoff  defined,^)  where  the  Vs  are  the  values 
integrated  along  the  maximum  electric-field  lines  of  the 
circular  and  rectangular  waveguide  cross  sections;  P  is 
their  transmitting  power.  The  frequency  response  of  the 
window  using  the  circuit  model  and  the  characteristic 
admittance(Yo)  defined  above  was  solved  using  the 
equation 

^  ^  YiD  +  jYJanPL 

Y^  Y^  +  jY(L)  tan  PL ' 

where  Yj^  is  the  input  admittance  of  the  window  and  p  is 
the  propagation  constants  of  the  waveguides;  L  is  the 
length  measured  along  their  RF  propagation  direction.  The 
susceptance  components  of  the  taper  transitions  to  be  used 
in  the  circuit  model  were  calculated  by  field-matching^) 
and  ’’HFSS"  and,  measured  by  the  cold  model. 
Electromagnetic-field  analyses  were  also  performed  by 
"HFSS"  and  "MAFIA". 

The  next  RF  characteristics  of  the  window  became 
clear  through  the  studies  mentioned  above:  a)  The  ceramic 
thickness  which  produces  a  good  RF  transmission  is 
slightly  less  than  l/2^g  for  compensating  the  susceptance 
components,  b)  There  are  three  optimum  solutions  for  the 
cylinder  length  from  the  ceramic  surface  to  the  taper.  The 
Smith-chart  in  Fig.  3  shows  these  solutions,  which  are  for 
cylinder  lengths  of  l/4^g(8. 625mm)  and  l/2Xg;  the  l/2A,g 
solutions  have  two  slightly  different  cylinder  lengths 
(11.7mm,  13.845mm).  The  example  of  the  window 
frequency  response  simulated  by  the  circuit  model  is  shown 
in  Fig.  4.  c)  Where  the  admittance  of  the  ceramic  part 
transforms  to  the  near  center  on  the  Smith-chart  as  in  the 
l/2Xg  case,  the  solution  has  a  wider  frequency  band- width 
in  order  to  obtain  a  good  transmission  and  a  lower  ceramic 
surface-field  than  in  the  l/4Xg  case,  d)  The  solutions  for  the 
TEll  window  are  periodic  with  every  l/2Xg  wavelength 
step,  e)  By  using  "HFSS"  the  field  distributions  for  the  6- 
types  of  RF-windows  were  determined.  The  relative  field 
strength  of  the  ceramic  surface  and  their  band-width  are 
summarized  in  Table  1.  The  results  show  that  one  of  the 
l/2Xg  solutions  of  the  TEll  window  has  almost  the  same 
performance  as  the  "KAZAKOV"  type,  and  can  reduce  the 


r 
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Fig.  4:  Frequency  response  of  the  window  using  the  circuit 
model(l/41g  solution) 

Table  1:  Comparison  of  the  electric-field  strengths  on  the 
ceramic  surfaces  and  the  band  widths  among  the  windows. 


Type _ Field  strength*  Bandwidth 


Pill-box 

0.868 

500  MHz 

Long  pill-box 

0.414 

300  MHz 

TEll  l/4X,g 

0.424 

250  MHz 

TEll  l/2Xg-l 

0.400 

300  MHz 

TEll  l/2A,g-2 

0.369 

700  MHz 

KAZAKOV 

0.362 

300  MHz 

♦Normalized  to  the  TEIO  rectaneular-waveeuide.  E  =  VExE* 
maximum  surface  electric-field  to  about  37%  of  the 
rectangular-waveguide  field, 

B,  Trapped-mode  resonance 

In  the  design  stage  trapped-mode  resonances  were 
expected  at  the  ceramic  part  (generally  called  the  ghost¬ 
mode  in  the  case  of  a  ceramic)  and  between  both  tapers. 
They  were  calculated  in  order  to  obtain  the  frequencies  and 
modes  by  "MAFIA".  However,  the  electromagnetic  field 
strengths  of  the  ghost-modes  which  were  found  by  low- 
power  measurements  were  at  a  very  low-level.  In  this  case 
the  "MAFIA"  calculations  did  not  have  sufficient  accuracy. 
For  this  reason,  another  calculation  method,  such  as  field¬ 
matching,  was  employed  in  order  to  obtain  more  accuracy. 
The  method  was  used  in  order  to  find  mode  transmitting 
only  in  the  ceramic  while  maintaining  continuity  of  the 
electromagnetic  fields  of  the  circular-waveguide  part  and 
the  ceramic  part  at  the  ceramic  surface.  The  ghost-mode 
observed  in  the  low-power  measurements  were  all 
confirmed  in  the  MAFIA  and  the  field-matching 
calculations.  Experiments  to  pick  up  the  ghost-modes  were 
carried  out  by  setting  the  ceramics  in  to  the  circular- 
waveguide  frame  with  antennas.^)  To  find  the  trapped-mode 
between  the  tapers,  "MAFIA"  was  used;  the  results 
coincide  with  the  low-power  measurements  shown  in  Fig.  5. 
The  trapped  and  the  ghost  modes  are  tabulated  in  Table  2. 


Table  2:  Trapped  modes  around  11.424GHz 

Calculated  Measured  . 


Between  tapers 

«10.5GHz 

«10.9GHz 

«1 1.3GHz 

1.23GHz 

«11.7  GHz 

«10.65GHz 

In  Ceramic 

«10.1GHz(TE221  like) 

«10.8GHz 

«11.5GHz(TE131  like) 

«1 1.3GHz  . 
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C,  Low-power  measurements  of  the  cold 

In  a  previous  step  for  the  high-power  model,  a  cold 
model  window  of  brass  was  produced  according  to  the 
dimensions  determined  from  the  design.  However,  a 
calculation  of  the  TEll  window  was  not  sufficiently 
accurate  because  of  its  over-size.  Therefore,  the  center 
frequency  of  the  pass-band  was  adjusted  by  changing  the 
length  of  the  circular-waveguide  frame.  The  frequency  shift 
of  the  length  was  measured  as  being  50MHz/mm;  this 
value  was  in  good  agreement  with  the  circuit  models  and 
MAFIA  calculations.  Fig.  5  shows  the  measurement  results 
of  the  cold  model  having  the  l/2Xg-2  solution.  As  the  1st 
stage  of  a  comparison  among  the  three  solutions  of  the 
TEll  window  in  a  high-power  RF,  a  high-power  model  with 
the  l/4Xg  cylinder  and  the  UHA-99  ceramic  has  been  made 
of  oxygen-free  copper  (OFC,  Class  1,  HITACHI ). 

III.  HIGH-POWER  TEST 

A  high-power  test  of  the  window  was  carried  out  using 
a  traveling- wave  resonator(TWR).^)  At  first,  the  input  RF 
pulse  width  of  TWR  and  its  pulse  repetition-rate  were 
adjusted  to  300ns  and  25pps.  The  conditioning  of  TWR  and 
the  window  proceeded  below  a  circulating  power  of  lOMW 
for  a  net  time  of  5  hours.  After  conditioning,  the  power  was 
increased  up  to  lOOMW  with  an  input  RF  power  of  15MW; 
this  process  was  continued  for  15  hours(net).  Then,  a 
discharge  on  the  ceramic  surface  was  ordinary  uniform 
blue-light;  no  significant  RF  reflection  or  bright-spot  due  to 
the  discharge  was  observed.  After  this  operation,  the 
leakage  of  the  window  was  checked  using  a  He  leak 
detector;  it  did  not  show  any  problem,  such  as  cracks  of  the 
ceramic.  Next,  the  circulating  power  was  set  to  70MW  and 
the  RF  pulse  width  was  gradually  expanded  from  300ns  to 
700ns.  The  repetition-rate  was  also  changed  to  50pps.  Then, 
steady  blight-spots  appeared  on  the  ceramic  surface,  and 
the  window  became  broken  due  to  a  flash-over.  Fig.  6 
shows  a  picture  of  the  RF  power  in  TWR  with  lOOMW, 
300ns. 

IV.  CONCLUSIONS 

The  design  has  almost  been  successfully  completed. 
The  electric  field  in  the  ceramic  of  the  ll2Xg-2  solution  is 
quiet  low  (about  37%  of  the  rectangular- waveguide  field), 
the  same  as  the  "KAZAKOV"  type.  Furthermore,  the 
electromagnetic  field  adjacent  to  the  ceramic  is  also  low 
compared  with  that  of  the  "KAZAKOV"  type.  We  think  that 
it  has  some  advantage.  The  power  capability  shown  in  the 
high-power  test  is  sufficient  for  our  requirements.  It  is  a 
great  step  for  the  lOOMW  X-band  klystron  development. 
However,  the  surface  field  of  the  ceramic  surface  was 
around  7kV/mm  when  the  ceramic  was  broken  in  the 
70MW  case.  This  fact  is  similar  to  the  situation  in  the  S- 
band  window  experiments.  The  power  could  be  thought  of 
as  the  limit  of  this  type  of  ceramic.  For  the  next  step  of  the 
high-power  test,  we  will  employ  a  finer  ceramic,  like  HA- 
997(NITOKU),  and  the  l/2?ig-2  solution. 
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Fig.  5:  Frequency  response  of  the  TEll  window 
(l/2A<g-2  case) 


Fig.  6:  RF  power  picture  of  the  window  high-power  test  in 
TRW(  lOOMW  peak-power,  15MW  with  300ns  input) 
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Abstract 

At  mm- wavelengths,  ordinary  waveguides  show  considerable 
attenuation.  Corrugated  overmoded  waveguides  have  strongly 
reduced  attenuation,  while  maintaining  stability  by  introducing 
the  well  known  pattern  of  passbands  and  stopbands.  Fields  either 
transform  to  surface  waves  with  very  high  losses,  or  concentrate 
at  the  center  of  the  waveguide  and  propagate  with  very  low  loss. 
The  latter,  are  employed  to  transport  RF-power.  Considering  the 
field  pattern,  optical  free  space  coupling  to  an  accelerator  struc¬ 
ture,  is  thinkeable.  We  have  investigated  the  coupling  mecha¬ 
nism  itself,  e.g.  field  leakage  and  power  losses  to  the  outside  and 
designed  a  device  for  optical  coupling  from  a  corrugated  waveg¬ 
uide  into  a  planar  muffin-tin  structure. 


1.  INTRODUCTION 

Since  the  original  idea  came  up  to  build  particle  accelerators 
at  mm-waves,  [1]  intense  research  has  been  going  on  at  Argonne 
and  the  universities  of  Madison,  Chicago  and  Berlin.  For  an 
overview,  the  reader  is  referred  to  [2]  and  to  numerous  publi¬ 
cations  at  this  conference  e.g.  [3].  Early  in  the  investigations, 
we  decided  to  look  at  more  detailed  problems,  like  an  rf-coupler, 
since  the  frequency  band  above  100  GHz  leads  to  very  different 
requirements  and  to  surprisingly  different  designs.  This  fact  is 
well  demonstrated  by  the  design  process  of  an  rf-coupler  which 
we  present  below.  This  process  starts  with  the  choice  of  a  corru¬ 
gated  and  overmoded  waveguide  to  keep  losses  low,  and  to  reach 
the  intended  levels  of  power  transport  (for  a  rectangular  waveg¬ 
uide  typical  values  of  attenuation  would  be  1  db/ft  with  a  maxi¬ 
mum  CW-power  of  few  kW!).  Since  this  waveguide  aperture  is 
an  order  of  magnitude  bigger  than  all  sizes  within  the  structure 
itself,  a  taper  is  needed.  Such  huge  geometric  differences  make 
the  design  difficult  (how  to  model  a  periodic  structure  feeding 
another,  but  different  periodic  structure).  We  opted  to  model  the 
structure  itself  with  MAFIA  [6]  and  used  a  mode  matching  tech¬ 
nique  to  model  the  corrugated  waveguide  and  the  taper. 

11.  CHOICE  OF  THE  CORRUGATED 
OVERMODED  WAVEGUIDE 

Industry  [5]  offers  a  variety  of  oversized  low-loss  components 
for  use  at  high  frequencies.  We  found  the  waveguides  to  be  opti¬ 
mized  for  power  transport  over  longer  distances  with  extremely 
wide  apertures.  Since  this  does  not  exactly  meet  our  situation, 
we  decided  to  design  our  own  waveguide.  The  following  de¬ 
scribes  the  procedure  we  carried  out.  We  relaxed  on  the  atten¬ 
uation  to  reduce  aperture  (circular  symmetry  assumed),  which 
benefited  our  taper  design  later  on.  We  chose  an  aperture  diam¬ 
eter  of  0.75”  rather  than  1.25”.  We  inserted  corrugations  and  in¬ 
creased  their  depth  until  we  encountered  a  clean  separation  of 


modes  with  (p=\  dependence. 


Figure  1.  Normalized  propagation  constant 
versus  normalized  corrugation  depth  (fo=120GHz,  phase 
advance=0.737r,  tolerance^lO"^). 

We  also  observed  the  slope  of  the  propagation  constant  ver¬ 
sus  corrugation  depth,  which  should  be  as  low  as  possible,  since 
then  little  field  is  present  in  the  corrugations.  The  field  is  rather 
concentrated  around  the  waveguide  center.  We  obtained  a  whole 
band  of  possible  corrugation  depths  at  0.3 A  —  0.75 A  (shaded 
region  in  Fig.  1).  Our  design  tends  towards  the  lower  end  at 
0.344A.  Consult  Table  1  for  the  exact  dimensions. 


geometry 

size/mm 

inner  radius 

9.5250 

outer  radius 

10.3840 

period 

0.9144 

iris  thickness 

0.2540 

Table  1.  i/E'n-mode  waveguide  dimensions. 


1  index  n  6 


Figure  2.  Absolute  value  of  eigenvector  versus  index  n 
(^-dependence,  (p  =  1-dependence). 

Calculations  were  done  using  the  mode  matching  technique. 
Periodic  boudaries  were  applied  and  eigenvalues  and  eigenvec¬ 
tors  found  after  decomposing  the  scattering  matrix  into  singular 
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values  (S  VD).  The  main  advantage  of  Singular  Value  Decompo¬ 
sition  is  that,  it  returns  the  eigenvectors  without  further  computa¬ 
tional  effort.  It  also  neatly  finds  all  eigenvalues  of  multiple  order. 
To  check  convergence  we  observed  the  eigenvector  amplitudes 
decline  with  increasing  mode  order  (Fig.  2).  We  found  conver¬ 
gence  generally  to  be  good  with  few  modes.  Note  that  conver¬ 
gence  for  TM-modes  is  slower  than  that  for  TjE'-modes. 


III.  DESIGN  OF  THE  OPTICAL  COUPLING 
DEVICE 

Before  we  design  the  optical  coupling  device  we  investigate 
the  optical  coupling  itself.  Three  questions  come  to  mind: 
Which  gap  widths  are  tolerable? 

What  taper  apertures  are  needed  to  catch  the  wave? 

What  losses,  due  to  reflection,  mode  conversions  and  radiation, 
does  the  gap  inflict? 

Where  the  gap  width  is  the  distance  to  be  crossed  by  optical 
coupling.  The  receiving  or  taper  aperture  is  the  aperture  of 
the  waveguide  facing  the  corrugated  guide.  To  answer  these 
questions,  we  investigate  the  transmission  from  the  corrugated 
waveguide  to  a  regular  (cylindrical)  waveguide,  and  sum  the 
transmitted  power  of  all  modes.  We  assume  we  can  obtain  a 
device  that  will,  without  further  losses,  combine  all  transmitted 
modes  to  the  desired  one  (rectangular  TE'io).  Fig.  3  shows  the 
sum  of  the  amplitudes  of  the  transmitted  waves  versus  gap  width. 
A  gap  of  the  order  of  //m  will  hardly  inflict  any  losses,  in  the  mm- 
range  we  find  a  minimum  transmission  of  around  92  %  and  only 
when  the  gap  width  is  comparable  to  the  waveguide  aperture,  do 
we  see  serious  losses  (cm-range). 


10“^  gap/mm  lO^ 


Figure  3.  Sum  of  amplitudes  (rms)  of  transmitted  waves 
versus  gap  width  (phase  advance=0.737r). 

Fig.  4  shows  the  sum  of  the  amplitudes  of  the  transmitted 
waves  versus  aperture  of  the  regular  waveguide.  As  expected, 
we  find  that,  the  receiving  waveguide  should  have  an  aperture 
size  close  to  the  aperture  of  the  corrugated  one.  Gap  losses  then 
converge  to  about  94  %  with  a  gap  width  of  1  mm.  Both,  rather 
quickly  obtained  results  lead  us  to  think  that  optical  coupling  to 


a  mm-wave  structure  is  possible  with  a  transmission  of  >  90  %. 


1  aperture  radius /mm  15 


Figure  4.  Sum  of  amplitudes  (rms)  of  transmitted  waves 
versus  receiving  waveguide  aperture  (phase 
advance=0.737r,  gap=l  mm). 

Carrying  on,  with  the  design  of  the  optical  coupling  device  we 
arrive  at  the  taper  section.  Fig.  5  shows  a  scale  drawing  of  the  ac¬ 
tual  design  and  gives  a  good  impression  on  the  geometrical  dif¬ 
ferences  (the  actual  size  is  three  times  smaller!).  Note  that  up  to 
the  last  taper  step  we  have  circular  symmetry,  whereas  the  ac¬ 
celerating  structure  below  is  a  rectangular  one.  From  the  above 
results  (Fig.  4)  we  set  the  first  taper  step  aperture  to  0.75”  = 
19.05  mm.  After  many  optimization  cycles,  we  reached  a  trans¬ 
mission  of  90  %  with  a  gap  width  of  0.5  mm. 


Figure  5.  yz-cut  of  the  mm-wave  structure  with  optical 
coupling  and  taper  section  (scale  3:1). 

According  to  Fig.  3,  we  could  improve  the  transmission  by 
narrowing  the  gap  to  0.2  mm  or  less.  We  could  also  allow  more 
taper  steps,  which  certainly  would  enhance  bandwidth.  Allto- 
gether,  we  hope  to  reach  a  95  %  transmission,  with  a  more  care¬ 
ful  design.  Fig.  6  shows  the  field  pattern  of  the  electric  field  in¬ 
side  the  accelerating  structure,  with  a  matched  coupler.  There 
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are  two  coupler  cells  and  two  regular  cells.  The  phase  advance 
is  27r/3,  as  it  should  be.  Fig.  7  zooms  in  on  the  coupler  cell  again 
displaying  the  electric  field. 


Figure  6.  yz-cut  of  the  mm-wave  accelerating  structure. 
Arrows  display  the  electric  field. 


Figure  7.  Zoom  of  coupler  cell.  Arrows  display  the  elec¬ 
tric  field. 

To  be  able  to  simulate  the  complete  structure,  a  program  (For¬ 
tran)  was  written  that  computes  the  scattering  matrix  of  var¬ 
ious  waveguide  cross-section  jumps  (rectangular,  circular  and 
mixed).  This  program  is  also  able  to  import  the  scattering  matrix 
of  the  accelerating  structure  which  was  computed  with  MAFIA. 
The  structure  was  fed  with  the  eigenvector  of  the  HE u-modc 
obtained  while  designing  the  corrugated  waveguide.  1024  cor¬ 
rugations  were  used  to  approximate  the  infinite  periodic  struc¬ 
ture.  The  accelerating  structure,  which  is  infinitely  periodical  in 
nature,  was  terminated  by  the  coupler  cell  designed  earlier  [4]. 
A  matched  end  cell  indeed  mimicks  an  infinite  continuation  of 
the  preceeding  structure.  The  design  was  automated  by  mini¬ 
mizing  —  logio(5'2i)  with  Simulated  Annealing  [7]  in  10  dimen¬ 
sions.  Simulated  Annealing  is  advantageous,  since,  unlike  Con¬ 
jugate  Gradients,  it  will  not  converge  into  the  first  minimum  it 
encounters.  Instead,  it  will  search  and  find  the  global  minimum. 
In  waveguide  design,  especially  when  geometry  steps  are  located 
close  to  one  another,  there  are  a  countless  number  of  different 
(and  unsatisfactory)  minima. 


IV.  CONCLUSION 

At  frequencies  above  100  GHz  power  transport  is  done  with 
overmoded  and,  often,  corrugated  waveguides.  This  power 
transport  system  leads  to  the  need  of  taper  sections,  but  it  also 
gives  the  opportunity  to  relax  tolerances  by  adopting  optical  cou¬ 
pling.  In  an  earlier  publication  [4]  an  rf-coupler  was  designed, 
which  was  fed  from  a  mono-mode  rectangular  waveguide.  The 
transmission  thereby  was  as  high  as  98  %,  but  power  sources 
should  be  located  in  immediate  neighborhood  to  the  accelerat¬ 
ing  structure,  and  even  then,  losses  would  be  considerable,  and 
arcing  within  the  power  transport  system  would  be  an  immediate 
threat.  The  optical  coupling  device  designed  here  reduces  trans¬ 
mission  to  90  %,  but  ilows  more  flexibility  in  the  positioning 
of  components  all  the  same.  We  have  reason  to  believe  that  we 
can  reach  a  transmission  of  95  %  by  relatively  single  measures 
like  narrowing  the  gap  and  including  more  taper  steps.  We  are 
confident  that  our  design  will  hold  to  scrutinity  of  measurements, 
which  we  plan  to  engage  in. 
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Abstract 

A  Los  Alamos  design  for  a  1-MW  pulsed  neutron  source 
incorporates  a  ring  utilizing  an  rf-barrier  bunching  system. 
This  bunching  concept  allows  uniform  longitudinal  beam 
distributions  with  low  momentum  spread.  Bunching  cavities 
are  operated  at  the  revolution  frequency  (1.5  MHz  in  our 
case)  and  each  of  the  2nd,  3rd,  4th,  and  5th  revolution 
frequency  harmonics.  Their  effects  combine  to  maintain  a 
beam  free  gap  in  the  longitudinal  distribution  of  the 
accumulated  beam.  The  cavities  are  driven  by  low-plate- 
resistance  common-cathode  configured  tetrode  amplifiers 
incorporating  local  rf  feedback.  Additional  adaptive  feed¬ 
forward  hardware  is  included  to  reduce  the  beam-induced 
bunching-gap  voltages  well  below  that  achievable  solely  with 
rf  feedback.  Details  of  this  system  are  presented  along  with  a 
discussion  of  the  various  feed-back  and  feed-forward 
techniques  incorporated. 

1.  INTRODUCTION 

A  1  MW  pulsed  neutron  source  ring  design  developed  by 
a  Los  Alamos  team  incorporates  an  rf  longitudinal-barrier 
[1]  to  maintain  a  beam  free  gap  in  the  circulating  beam.  An 
rf  Barrier  consists  of  a  series  of  high-voltage  bipolar  pulses 
applied  across  a  gap  in  the  beam  pipe  timed  to  occur  just 
before  and  after  the  beam  passes  this  barrier  gap.  Beam  is 
forced  out  of  the  beam  gap  by  these  pulses.  Longitudinal 
beam  distribution  within  the  bunch  remains  essentially 
uniform  and  the  beam  does  not  suffer  the  increased 
momentum  spread  imposed  by  a  conventional  bunching 
scheme.  With  a  Longitudinal  barrier  scheme,  if  some 
increase  in  momentum-spread  is  desired,  the  energy  of  the 
injected  beam  may  be  swept.  Figure  1  shows  a  preferred  RF 
barrier  pulse  train  taylored  to  one  particular  Los  Alamos  ring 
design  and  gives  idealized  beam  distribution  and  timing. 

Pulse  waveforms  may  be  generated  by  adding  several 
harmonically  related  sinusoidal  waves  of  appropriate 

♦Work  performed  under  the  auspices  of  the  U.S.  Department  of 
Energy. 


magnitude.  We  have  chosen  this  approach  to  provide  the 
longitudinal  RF  barrier  pulses  for  this  bunching  system 
design.  A  series  of  harmonically  related  frequencies  are 
added  to  produce  the  equivalent  barrier  pulse  of  Figure  2. 
Table  1  lists  the  harmonic  amplitudes  and  frequencies  needed 
to  produce  this  equivalent  pulse. 


0  200  400  600  800 


Time  (Nanoseconds) 

Figure  1:  RF  Barrier  Pulses  and  Beam  Current 


PhcBepegees) 

Figure  2:  Composite  RF  Barrier  Wavefom 

Table  1:  Longitudinal  RF  Barrier  Harmonic  Voltages 

Fundamental . 1.49  MHz  ....  61.38  kV 

Second  Harmonic  ...  2.98  MHz ...  -98.45  kV 

Third  Harmonic . 4.47  MHz  ....  99.00  kV 

Fourth  Harmonic  ....5.96  MHz  ....-70.30  kV 

Fifth  Harmonic  . 7.45  MHz  ....  29.58  kV 

Harmonics  are  all  in  phase  with  respect  to  the  fundamental. 
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Maximum  Voltage  per  Gap 


17.5kV 


It  is  not  necessary  to  actually  add  the  frequency 
components  within  one  cavity  structure.  Separate  single- 
resonant-frequency  cavity  structures  may  be  installed  with 
an  accumulated  effect  on  the  beam  equivalent  to  that  of  the 
composite  waveform. 

The  waveform  of  Figure  2  is  a  worst-case-design  RF 
barrier  waveform  resulting  from  a  particular  set  of  ring 
parameters.  By  relaxing  some  of  the  requirements  for  beam 
loss  and  selecting  different  ring  operating  parameters  major 
reductions  in  the  peak  required  voltage  can  be  achieved. 
Lower  peak  voltages  would  allow  simplification  of  the 
system  by  reducing  the  number  of  rf  stations  operating  at 
each  harmonic  and  in  the  total  power  required  to  operate  the 
system.. 

II.  GENERAL  PARAMETERS 

To  provide  a  250  kV  peak  barrier  waveform  this  design 
uses  a  total  of  13  active  RF  cavities  and  1  spare  cavity.  The 
cavities  are  dual-gap  single-ended  structures  with  each  of  the 
sections  driven  by  its  own  power  amplifier.  Cavities  that 
operate  on  the  two  lowest  frequencies,  1.5  MHz  and  3  MHz, 
are  2.4  meters  long  while  the  higher  frequency  cavities  are 
1.8  meters  in  length.  The  cavities  are  installed  with  their 
ferrite  sections  downstream  of  the  gaps  allowing  beam 
current  to  add  to  the  forward  current  of  the  power  amplifier 
tube.  Bias  conductors  are  included  in  the  cavities  to  provide 
electronic  fine  tuning.  Gap  shorting  switches  are  included  in 
each  cavity  so  any  cavity  may  be  removed  from  service 
without  adverse  effects  on  the  circulating  beam.  The  spare 
cavity  can  operate  on  any  of  the  normal  cavity  frequencies  to 
replace  a  failed  cavity. 

Amplifiers  consist  of  a  pulsed,  class  A  biased, 
grounded-cathode  super-power  tetrode  and  two  driver  stages 
all  physically  located  at  the  cavities  in  the  beam  channel. 
Bunching  gap  impedance  is  kept  at  a  low  impedance  by  the 
low  plate  resistance  of  the  output  tube,  active  RF  feedback 
around  the  three  power  amplifier  stages  and  feed-forward 
beam  compensation.  Each  of  the  two  cavity  gaps  is  driven  by 
an  independent  amplifier,  but  each  amplifier  can  drive  both 
cavity  gaps  allowing  continued  operation  in  the  case  where 
one  amplifier  fails. 

Table  2  gives  the  main  system  parameters  for  a  250  kV 
peak  barrier. 

Table  2:  System  Parameters 


Revolution  Period . 671  nsec 

Number  of  Bunches . 1 

Fundamental  Bunching  Frequency .  1.4901  MHz 

RF  Cavities 

Total  Number  . 14 

Gaps  per  Cavity .  2 

Maximum  Voltage  per  Cavity . 35kV 


Fundamental . 3  each....20.6kV/Cavity 

Second  Harmonic . 3  each....32.8kV/Cavity 

Third  Harmonic . 3  each....33.0kV/Cavity 

Fourth  Harmonic . 3  each 23.4kV/Cavity 

Fifth  Harmonic . 1  each 29.9kV/Cavity 

Spare  (any  harmonic)  ..  1  each 

Ferrite  Type . Phillips  4M2 

Core  Size 

Inner  Diameter . 30  cm 

Outer  Diameter . 60  cm 

Thickness . 2.71  cm 

Final  Amplifier 

Total  Number . 28  (2  per  cavity/  1  per  gap) 

Configuration . Common  Cathode, 

Low  Rp  Tetrode, 

Class  A  Pulsed 

Tube  Type . Eimac  X2242 

Active  Rp . 450  ohms  (dependent  on  bias  choices) 

Maximum  DC  Dissipation . 100  kW/Amplifier 

2.6  MW  Total 

Nominal  Operating  DC  Dissipation  ...  48  kW/ Amplifier 

1.25  kW  Total 

Duty  Factor . 8  % 

III.  RF  CAVITY 

A  conventional  ferrite  loaded  structure  employing 
parallel  DC  bias  has  been  chosen.  Separate  cavities  will 
operate  at  each  of  the  first  five  harmonics  of  the  1.5  MHz 
revolution  frequency  (1.5  MHz  to  7  MHz).  Setting  a  peak 
voltage-per-cavity  of  35  kV  will  allow  a  250  kV  peak 
waveform  to  be  generated  with  12  cavities.  An  additional  1.5 
MHz  cavity  is  desirable  and  increases  the  total  operational 
complement  to  13.  A  Spare  cavity  has  also  been  provided  for 
bringing  the  total  installed  cavities  to  14. 

The  cavities  are  configured  as  single-ended  structures. 
Configuring  the  cavities  this  way  allows  a  single,  class-A 
biased,  power  amplifier  tube  to  be  placed  directly  across  the 
gap.  The  amplifier  provides  the  required  RF  bunching 
voltage  and  also  acts  as  a  resistor  connected  across  the 
bunching  gap  to  maintain  a  low  gap  impedance. 

A  pair  of  single  ended  cavities  are  combined  within  one 
housing  with  a  common  bias  winding  The  bias  winding 
forms  a  single  turn  around  each  ferrite  core  stack.  The 
complete  winding  is  routed  such  that  the  RF  voltage  induced 
by  one  core  stack  bucks  that  induced  by  the  second  core 
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stack.  As  long  as  both  core  stacks  are  operated  at  the  same 
RF  voltage  level  the  induced  voltages  on  the  bias  windings 
will  cancel. 

A  single  design  that  can  be  used  for  all  five  frequencies 
is  desirable.  Bias  windings  that  are  included  for  fine  control 
of  cavity  resonance  can  also  provide  this  feature.  To  reduce 
the  total  permeability  swing  needed  we  would  remove  some 
of  the  ferrite  for  the  higher  frequency  cavities.  This  also 
saves  some  ring  space.  Assuming  type  4M2  ferrite  [2,3,4] 
with  60  cm  OD  and  30  cm  ID  rings  we  would  fill  the  two 
lowest  frequency  cavities  with  1.26  meters  of  ferrite,  the 
amount  needed  to  keep  the  B  field  below  200  gauss  at  1.5 
MHz.  The  remaining  higher  harmonic  cavities  would  be 
filled  with  0.87  meters  of  ferrite.  The  spare  cavity  would  be 
filled  with  the  full  ferrite  load  and  include  shorting  pins  to 
effectively  remove  the  excess  ferrite  when  operated  ha  the 
higher  frequencies. 

IV.  AMPLIFIER 

The  high  circulating  beam  currents  of  our  reference 
design  impose  a  severe  beam  loading  requirement  on  the 
final  amplifier  design.  For  the  fundamental  component  of 
beam  current  we  must  provide  control  for  currents  in  the  30 
ampere  range.  Our  reference  design  places  a  low-output- 
impedance-amplifier  directly  across  the  cavity  bunching  gap 
providing  a  low-impedance  shunting  path  for  the  beam 
current  and  keeping  the  beam  induced  voltage  within 
reasonable  limits.  The  amplifier  is  effectively  acting  as  a 
water-cooled  resistor  connected  across  the  bunching  gap. 
Assuming  an  amplifier  output  impedance  of  450  ohms  the 
beam  induced  voltage  would  be  limited  to  13.5  kV. 
Utilization  of  RF  feedback  techniques  [5,6,7]  would  further 
reduce  the  effective  output  impedance.  We  have  estimated  a 
reduction  factor  of  7  for  our  lowest  frequency  so  we  believe 
we  can  achieve  effective  cavity  gap  impedances  in  the  35  to 
55  ohm  range. 

An  adaptive  feed  forward  techneque  developed  for  our 
Ground  Test  Accelerator  project  (GTA)  has  demonstrated 
effective  impedance  reduction  factors  better  than  40  times 
[8,9].  The  technique  uses  stored  error  data  from  previous 
beam  pulses  to  predict  and  correct-for  beam  induced  signals 
on  the  present  beam  cycle.  The  technique  is  self  adjusting  to 
accomodate  slowly  changing  beam  conditions  and  has  the 
potential  of  reducing  the  effective  impedance  well  below  the 
10  ohm  range  anticipated  with  a  beam- feed-forward 
approach. 

V.  ADAPTIVE  FEED-FORWARD 

A  conventional  feed-forward  technique  involves  using  a 
direct  measurement  of  the  beam  current  to  perform  a 
correction.  This  technique  requires  that  a  correction  based 
upon  the  measured  beam  current  signal  be  applied  before  the 
beam  arrives  to  compensate  for  the  delays  in  the  amplifier 
chain.  This  requires  the  measured  beam  current  signal  to  be 


transmitted  over  a  shorter  distance  with  a  faster  propagation 
velocity  than  the  beam  itself.  If  the  beam  current  is  measured 
just  after  its  corresponding  cavity,  there  is  sufficient  time  to 
apply  the  correction  because  one  full  revolution  occurs 
before  the  beam  returns  to  that  cavity. 

The  adaptive  feedforward  device  observes  errors  in  the 
gap  voltage  and  phase  for  each  bunch  revolution,  and  over 
time,  adaptively  determines  a  correction  function  that  is 
applied  at  the  RF  driver  to  oppose  those  effects.  In  essence 
the  past  fluctuations  in  gap  voltage  and  phase  are  used  to 
predict  the  current  fluctuation  and  a  corresponding  correction 
function  to  negate  any  deviations  from  the  desired  operating 
point.  Because  this  is  a  feed-forward  technique,  the  apparent 
longitudinal  coupling  impedance  is  reduced  over  the  entire 
band  of  interest  including  all  five  harmonics  and  the 
synchrotron  sidebands.  Modeling  simulations  and 
experimental  data  are  necessary  to  determine  the  exact 
reduction  in  longitudinal  coupling  impedance. 
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Abstract:  Multipactor  is  an  important  resonant  discharge 
phenomenon  on  which  there  have  been  surprisingly  few 
publications  in  the  open  literature.  Here,  we  extend  the 
theoretical  analysis  of  an  idealized  model.  Emphases  have 
been  placed  on  the  mutual  interactions  between  the 
multipactor  discharge  and  the  rf.  We  show  that  the 
multipactor  current  may  reach  a  very  high  level,  transiently, 
before  it  settles  to  a  steady  state.  The  multipactor  current 
saturates  primarily  by  its  loading  of  the  cavity;  the  image 
space  charge  force  associated  with  the  multipactor  electrons 
plays  a  relatively  minor  role.  When  saturation  occurs,  the 
secondary  emission  coefficient  is  unity,  corresponding  to  the 
"first  cross-over  point"  in  the  secondary  electron  yield  curve. 
The  parameters  attained  in  the  steady  state  agree  with  the 
predicted  values  from  an  analytic  theory.  The  analysis  is 
extended  to  include  the  effects  of  an  external  magnetic  field. 

Multipactor  is  a  well  known  phenomenon  of  rf 
breakdown  in  microwave  cavities,  windows,  satellite  rf 
payloads,  and  accelerator  structures  [1-3].  When  an  AC 
electric  field  exists  across  a  gap,  an  electron  from  one  surface 
is  accelerated  toward  the  other  surface,  the  impact  upon  which 
may  release  more  than  one  electron  by  secondary  emission.  It 
is  easy  to  see  that  if  the  electron  transit  time  across  the  gap 
equals  to  half  of  the  rf  period,  a  resonant  discharge  could 
result. 

There  exist  few  theoretical  analyses  of  multipactor,  most 
of  which  are  concentrated  on  the  response  of  a  single  electron 
to  an  imposed  rf  electric  field.  Analytic  expressions  have 
been  derived  for  the  phase  of  the  emitted  electron,  and  the 
range  of  the  rf  electric  field  in  which  a  stable,  steady  state 
multipactor  may  exist  [1,4].  While  some  calculations  have 
included  the  space  charge  effects  associated  with  the 
multipactor  electrons  [4,5],  most  of  these  calculations  omit  the 
important  processes  of  loading  and  detuning  of  the  rf  cavities 
as  the  multipactor  current  grows  [2].  In  this  paper,  we  use  a 
simple  model  to  address  these  issues,  the  analysis  of  which 
yields  interesting  information  on  the  multipactor  saturation 
level,  the  saturation  mechanism,  the  time  scale  over  which 


RF  Cavity  Multipactor 

Fig.  1:  Model  of  interaction  between  rf  cavity  and 
multipactor  discharge. 


multipactor  evolves,  and  possibly  the  drastic  transient  growth 
of  multipactor  current  before  the  steady  state  solution  is 
reached. 

For  simplicity,  we  shall  use  a  one  dimensional  model 
where  the  multipactor  occurs  inside  a  planar  gap  [Fig.  1].  The 
gap  separation  is  D  and  the  gap  voltage  is  Vg(t).  The 
multipactor  discharge  is  modeled  by  a  single  electron  sheet  of 
surface  density  c  that  moves  across  this  gap.  Upon  impact  on 
a  gap  surface,  a  new  electron  sheet  is  generated  by  secondary 
emission.  We  assume  that  the  voltage  Vg  that  drives  the 
multipactor  is  provided  by  an  rf  cavity,  of  characteristic 
frequency  co^  and  quality  factor  Q  [Fig.  1]  .  As  the 
multipactor  electron  sheet  moves  inside  the  gap,  it  induces  a 
wall  current,  I^  (t),  which  loads  the  cavity.  Thus,  the  present 
model  allows  for  the  progressive  loading  and  detuning  of  the 
cavity  as  the  multipactor  current  builds  up.  This  loading,  in 
turn,  modifies  the  electron’s  energy  and  phase  at  impact. 

Hereafter,  we  shall  use  dimensionless  quantities  with  the 
following  normalization  scales:  D  for  distance,  co^  for 
frequency,  l/oOo  for  time,  v  =  0)^0  for  velocity,  U  =  mv^  for 
energy,  U/e  for  voltage,  E  =  U/eD  for  electric  field,  Z  =  e^E 
for  surface  charge  density,  AZv/D  for  current.  Here,  m  is  the 
electron  mass,  e  =  1.602  x  10"'^  Coulomb,  A  is  the  surface 
area  of  the  gap,  and  is  the  firee  space  permittivity.  The 
cavity  is  driven  by  the  normalized  ideal  current  source  Id,  and 
by  the  multipactor  current  I„,  according  to  the  circuit  equation 
[Fig.  1]: 


I  d 

-^  + - +  1 

^  Qdt 


{dt^ 


(1) 


Here  I^o  is  the  amplitude  of  the  driver  current  of  normalized 
frequency  co,  and  ^  is  the  phase  at  time  t  =  0.  We  set  co  =  1  in 
this  paper  (i.e.,  resonantly  driven).  The  normalized 
multipactor  current  1^  is  induced  by  the  electron  sheet  motion: 


L(t)  =  - 


dt 


(2) 


where  o  is  always  positive,  by  convention.  It  is  this  term  that 
is  solely  responsible  for  the  non-linear  beam  loading  and 
frequency  detuning  of  the  cavity  by  the  multipactor,  as  readily 
seen  from  Eq.  (1)  and  Fig.  1. 

The  force  law  for  the  electron  sheet  is 

+  =  Vg  ) 

dt^  CV  (3) 

where  the  initial  plate  of  origin  is  denoted  by  x^  =  0  or  1.  The 
first  term  on  the  right  hand  side  represents  the  force  due  to  the 
gap  voltage  and  the  second  term  the  force  due  to  the  image 
charge  (of  the  multipacting  electron  sheet)  on  the  plates.  We 
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have  included  a  general  transverse  magnetic  field  with  a 
cyclotron  frequency  cOc  normalized  to  the  driver  frequency  co. 

On  impact  with  a  plate  at  time  q,  the  incident  electron 
sheet  is  removed  and  a  new  sheet  of  surface  charge  is  released 
by  secondary  emission.  The  post-impact  surface  charge 
density  related  to  the  pre-impact  charge  density 

<T(tl)  =  5*(j(tn^  (4) 

where  8  is  the  coefficient  of  secondary  emission  [6]  which 
depends  on  Jhe  electron  impact  energy,  Ej  [7].  Here, 
Ei  ^'(dx/dt)  12^  evaluated  at  ^  .  In  addition,  we  adopt 

Vaughan's  empirical  formula  [6]  for  8.  This  function  is  shown 
in  Fig.  2,  where  is  the  maximum  value  of  8  occurring  at 
an  impact  energy,  Fig.  2  shows  that  8=  1  at  two  values 
of  impact  energies,  Ej  and  E2.  The  lower  energy  Ej  is 
designated  as  the  "first  cross-over  point". 


Fig.  2:  Secondary  electron  yield,  8,  as  a  function 
of  impact  energy  Ei. 


In  the  present  formulation,  multipactor  affects  its  own 
evolution  in  two  ways.  First,  it  loads  the  cavity  and  changes 
the  gap  voltage;  this  process  is  entirely  accounted  for  by  the 
term  I^^  in  the  circuit  equation  (1).  We  may  designate  this 
effect  as  the  "beam-loading  effect".  Second,  as  the 
multipactor  current  builds  up,  the  space  charge  force  may 
become  appreciable,  and  may  influence  the  arrival  phase  of 
the  impacting  electron  relative  to  the  rf  phase.  This  second 
effect  is  modeled  by  the  last  term  in  the  force  law,  Eq.  (3), 
and  may  be  called  the  "space  charge  effect". 

We  have  established  analytically  the  necessary  conditions 
for  the  existence  of  steady  state  solutions  according  to  Eqs.  (1) 
-  (5).  One  condition  for  a  steady  state  is  that,  every  cycle,  the 
sheet  has  to  arrive  at  the  same  plate  when  the  phase  of  the 
voltage  is  the  same  (a  “fixed-phase”  [4]).  Otherwise,  the  sheet 
will  keep  drifting  in  phase,  and  may  eventually  hit  one  of  the 
plates  in  the  wrong  phase  of  the  rf  cycle,  quenching  the 
multipactor.  This  phase  stability  is  discussed  elsewhere  [1,4]. 
The  second  condition  is  that  steady-state  has  to  occur  when 
8=1,  resulting  in  a  constant  a  in  Eqs.  (2)  and  (3)  above.  This 
occurs  for  two  impact  energies,  but  a  simple  physical 
argument  shows  that  only  the  first  cross-over  point  E,  in  Fig. 
2  gives  the  stable  steady  state  solution  [8].  Hence  this 
condition  also  fixes  the  impact  energy  to  Ej  in  the  steady  state. 


To  obtain  the  steady  state  solution,  we  solved  Eqs.  (1), 
(2),  and  (3)  with  a  constant  a.  Then,  we  used  the  fixed  phase 
condition  and  an  impact  energy  of  Ej  to  relate  the  initial 
values  of  Vg  and  its  derivative  in  Eq.  (1)  to  their  final  values. 
This  results  in  the  steady  state  values  of  the  charge  density, 
the  gap  voltage  amplitude,  and  its  value  at  impact.  The 
numerical  results,  to  be  discussed  below,  agree  quite  well  with 
the  steady  state  predictions  of  the  analytic  theory. 

To  study  transient  evolution,  we  assume  that  the  driver 
current  1^  has  been  turned  on  for  all  time  so  that  the  cavity  is 
already  filled  with  rf  for  t  <  0.  The  multipactor  current  is 
"turned  on"  at  t  =  0,  in  the  form  of  an  electron  sheet  with 
initial  surface  charge  density  that  is  released  from  the  plate 
X  =  0,  with  zero  velocity  [9].  The  initial  phase  ^  [Eq.  (1)]  at 
which  Cq  is  launched  is  chosen  so  that  this  initial  electron 
sheet  strikes  the  other  plate  in  about  half  an  rf  cycle.  In  most 
cases  we  run,  the  precise  values  of  these  initial  data  are  not 
critical.  Our  simulations  thus  far  have  been  restricted  to  two- 
surface,  first-order  multipactor  [1],  i.e.,  an  electron  released 
from  one  surface  always  strikes  the  other  surface  without 
momentarily  stopping  within  the  gap.  The  major  free 
parameters  are:  Q  and  I^o,  after  having  fixed  =  1.2  ,  E^^^  = 
0.36,  and  CO  =1.  [In  dimensional  units,  if  the  rf  cavity  has  a 
natural  frequency  of  1  GHz,  and  a  gap  separation  of  0.22  cm, 
over  which  multipactor  occurs,  these  parameters  correspond  to 
an  ideal  rf  driver  current  exactly  at  1  GHz,  and  8  reaches  a 
maximum  value  of  1.2  when  the  impact  energy  is  400  eV.] 


Cycle  Number 

Fig.  3:  Transient  evolution  of  multipactor  current  at  impact, 
in  units  of  the  drive  current  amplitude  I^^,  for  various  values 
of  quality  factor,  Q. 

Shown  in  Fig.  3  is  the  multipactor  current,  monitored  at 
impact,  in  units  of  the  driver  current  amplitude  I^o,  for  Q  =  1, 
10,  100,  1000.  The  very  low  value  of  Q,  e.g.,  Q  =  1,  is 
included  in  our  study  to  show  the  trend  of  multipactor  in  a 
non-resonant  structure  —  one  that  is  relatively  immune  to 
beam  loading,  such  as  a  window.  It  is  seen  from  Fig.  3  that  in 
a  high  Q  cavity,  the  multipactor  current  may  reach  a  very  high 
level  in  a  transient  manner  before  it  settles  down  to  steady 
state.  Throughout  the  transient  development  of  the 
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multipactor,  the  peak  rf  gap  voltage  in  each  cycle  changes 
relatively  little,  for  either  the  Q  =  1  case  or  the  Q  =  1000  case 
[Fig.  4].  The  secondary  emission  coefficient  8  also  stays 
around  unity,  specifically  in  the  vicinity  of  the  first  cross-over 
point  (El)  in  Fig.  2,  as  discussed  earlier.  Our  numerical  results 
show  that  the  impact  energy  indeed  approaches  Ej 
asymptotically  in  time.  When  the  steady  state  is  reached,  the 
gap  voltage  at  impact,  therefore,  is  insensitive  to  Q,  as  shown 
in  Fig.  4.  We  have  spot-checked  that  the  steady  state  values 
of  the  gap  voltage,  of  the  electron  impact  phase  in  the  rf  cycle, 
and  of  the  surface  charge  density,  are  all  in  good  agreement 
with  those  obtained  from  our  analytic  formulation. 


Fig.  4:  Evolution  of  the  peak  gap  voltage,  Vg(max),  and  of 
the  gap  voltage  at  the  instant  of  electron  impact,  Vg(impact), 
for  Q  =  1  and  Q  =  1000. 


The  numerical  results  show  that,  as  long  as  Q  >  10,  the 
beam  loading  effect  is  far  more  important  than  the  space 
charge  effect  in  determining  the  saturation  level  of  the 
multipactor  current.  The  disparity  of  their  relative  importance 
becomes  increasingly  more  pronounced  as  Q  increases,  as 
high  Q  cavities  can  be  more  readily  detuned  by  a  multipactor 
current.  This  also  explains  the  sensitivity  in  the  high  Q 
cavities  .  The  fraction  of  rf  power  dissipated  in  the  RLC 
circuit, 

<-Vg  (Id+Im)>  !  <VgId>,  is  shown  in  Fig.  5.  Here  <  > 
denotes  the  average  over  the  transit  time  of  an  electron.  The 
rf  energy  stored  in  a  high  Q  cavity  is  capable  of  driving  the 
multipactor  current  to  a  large  amplitude  when  the  condition 
becomes  favorable.  This  gives  the  tantalizing  clue  that,  in 
reality,  the  large  amount  of  energy  stored  in  high  Q  cavities 
may  relax  via  a  multipactor  discharge,  albeit  transiently  in 
time,  and  locally  in  space.  In  an  example,  we  show  that  as 
much  as  20%  of  the  energy  stored  in  a  high  Q  cavity  may  be 
discharged  in  a  single  overshoot  of  the  multipactor! 

We  have  included  the  effect  of  a  non-zero  transverse 
magnetic  field  for  the  Q  =  1000  case  [7].  The  presence  of  the 
magnetic  field  is  found  to  reduce  the  strength  of  multipactor, 
according  to  this  (much)  simplified  model.  Specifically,  when 
the  transverse  magnetic  field  yields  a  cyclotron  frequency 


equal  to  0.3  times  the  drive  frequency,  the  peak  multipactor 
current  in  the  transient  evolution  is  approximately  1/8  of  that 
in  the  case  of  zero  magnetic  field. 
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Fig.  5:  Time  history  of  the  power  consumed  by  RLC  circuit, 
in  units  of  the  input  power,  at  various  values  of  Q. 
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stabilizing  a  Power  Amplifier  Feeding  a  High  Q  Resonant  Load 

A.  K.  Mitra,  R.  L.  Poirier,  J.  J.  Lu  and  R.  Hohbach,  TRIUMF,  Vancouver,  Canada 


A  grounded  grid  power  amplifier  for  the  booster  cavity 
of  the  TRIUMF  cyclotron,  operating  at  92  MHz  is  found  to 
be  very  stable  when  operating  into  a  50  Q  load.  However, 
when  connected  to  a  high  Q  cavity  via  a  long  transmission 
line  it  can  become  very  unstable.  Even  though  a  phase 
shifter  (trombone)  enables  one  to  adjust  the  resonant 
frequency  of  the  cavity  to  be  centered  between  two 
transmission  line  resonances,  the  amplifier  tends  to  oscillate 
near  the  operating  frequency  due  to  insufficient  isolation 
between  input  and  output  circuits.  An  expensive  but  easy 
solution  to  such  a  problem  is  to  decouple  the  amplifier  from 
the  cavity  and  transmission  line  by  employing  a  circulator. 
However,  the  solution  that  is  presented  in  this  paper  uses 
external  feedback  from  anode  to  cathode  to  neutralize  the 
internal  feedback  inherently  present  in  the  tube.  The 
neutralization  is  adjusted  such  that  the  isolation  over  the 
amplifier’s  bandwidth  is  increased  by  at  least  15  dB.  This 
along  with  input  and  output  resistive  damping  has  further 
stabilized  the  amplifier,  which  now  operates  routinely  with 
no  parasitic  oscillation.  Results  of  computer  simulation  of 
the  amplifier  response  are  reported. 

1.  INTRODUCTION 

The  92  MHz,  150  kW  power  amplifier  employs  a 
grounded  grid  EIMAC  4CW150000E  tetrode  and  is  driven 
at  the  cathode  by  a  10  kW  broad  band  FM  transmitter.  The 
output  circuit  consists  of  a  ^4  cavity  (Q  of  10000) 
inductively  coupled  via  a  65  m  long  transmission  line.  A 
variable  length  section  (trombone)  is  interposed  between  the 
output  loop  of  the  amplifier  and  the  transmission  line  to 
position  the  operating  resonant  frequency  between  the 
transmission  line  resonances.  The  anode  loop  is  set  to 
transform  1  kfl  to  the  anode  circuit  such  that  output  power 
of  50  kW  can  be  obtained  with  rf  voltage  swing  of  10  kV 
peak.  The  tube  operates  in  class  AB.  Figure  1  shows  the 
schematic  of  the  system. 


The  amplifier  produces  an  accelerating  voltage  at  the 
cavity  gap  in  excess  of  120  kV.  The  amplifier  is  found  to 
be  very  stable  when  tested  into  a  50  Q  load  at  full  power. 
However,  when  the  amplifier  is  connected  to  the  booster 
cavity  by  a  65  m  long  rigid  transmission  line,  it  tends  to 
oscillate  with  the  slightest  detuning  in  the  input  and  output 
circuits.  This  led  to  the  investigation  of  oscillations  in  the 
amplifier  to  find  solutions  to  stabilize  the  unit  for  full  power 
operation  into  the  booster  cavity[l]. 

11.  THEORY 

A.  Stability  margin. 

A  measure  of  stability  margin  can  be  expressed  as  a  ratio 
of  the  magnitude  of  the  reverse  attenuation  (Sj2)  to  the 
magnitude  of  the  forward  amplification  (S21). 

Forward  amplification  (IS21I)  Af  =  gm*Ra 

Reverse  attenuation  (ISj2l)  Aj.  =  IXI/R| 

where  gm  is  the  transconductance  of  the  tube,  Rpl/gm, 

X  is  the  reactance  of  the  anode  to  grid  capacitance  C^g 
and  R^  is  the  effective  anode  impedance. 

The  stability  margin  M  =  Aj/Af  =  |X|  /  R^. 

B.  Transmission  line  modes. 

The  input  impedance  of  a  short  circuited  length  of 
lossless  transmission  line  exhibits  minima  at  frequencies 
where  the  length  of  line  is  rxkh.  For  1  =  65m  and  n  =  1  that 
frequency  is  2.3  MHz  and  therefore  the  transmission  line 
series  resonances  (minima)  will  be  2.3  MHz  apart  and  the 
parallel  resonances  (maxima)  will  also  be  2.3  MHz  apart. 
The  electrical  length  of  the  line  in  figure  1  was  adjusted  by  a 
trombone  to  place  the  cavity  resonance  f^  at  the 
transmission  line  minima  making  the  difference  from  to 
the  first  transmission  line  parallel  resonance  1.15  MHz.  A 
microcap  simulation  [2]  of  the  input  impedance  at  the  input 
of  the  transmission  line  is  shown  in  figure  2. 
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Figure  1:  The  booster  rf  system. 
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Figure  2:  Simulated  input  impedance  for  a  20  X  length  of 
transmission  line  connected  to  the  booster  cavity. 
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If  we  now  look  at  the  simulated  impedance  at  the  anode 
in  figure  3,  the  two  line  resonances  which  were  closest  to 
in  figure  2  are  shifted  even  closer  to  fQ,  and  are  now 
characterized  by  the  parameters  of  the  anode  circuit  and 
load  cavity  rather  than  the  transmission  line.  They  are 
designated  as  side  resonances  (fg^  &  ^2)  in  figure  3,  where 
the  difference  from  fQ  to  the  side  resonance  is  only  0.65 
MHz.  Further  simulations  indicate  that  the  resonances  will 
get  even  closer  if  the  coupling  between  the  output  loop  and 
the  anode  circuit  is  decreased. 


Figure  3:  Simulated  impedance  at  the  anode  coupled  to  a  20 
X  long  transmission  line  and  booster  cavity. 

C.  Neutralization 

The  purpose  of  neutralization  is  to  make  the  input  and 
output  circuits  independent  of  each  other  with  respect  to 
reactive  currents.  A  completely  neutralized  amplifier 
requires  that  the  inter  electrode  capacitances  between  the 
input  and  the  output  circuits  be  canceled.  In  the  grounded 
grid  amplifier,  the  control  grid  is  at  rf  ground  and  serves  as 
a  shield  to  capacitive  currents  from  the  output  to  the  input 
circuit.  If  the  grid,  screen  and  cathode  lead  inductances  are 
insignificantly  small,  then  neutralization  can  be  achieved  by 
employing  a  neutralizing  capacitor  approximately  equal  to 
the  plate-grid  capacitance  of  the  tube,  and  a  X/2 
transmission  line  which  brings  a  voltage  opposite  in  phase 
from  the  output  circuit  to  the  cathode  circuit. 


Figure  4:  Micro-cap  circuit  model  of  the  tetrode  amplifier 
with  neutralization. 


The  results  of  the  analysis  of  the  circuit  modeled  in 
figure  4  is  shown  in  figure  5.  It  shows  that  the  voltage  gain 
at  the  side  resonance  is  reduced  by  11.0  dB  and  15.7  dB 
whereas  the  gain  at  the  operating  frequency  is  reduced  by 
0.85  dB  (although  not  evident  from  the  graph)  when  a  0.7  pf 
neutralizing  capacitor  is  used  in  conjunction  with  a  X/2  line. 
With  neutralization  the  side  resonances  shift  by  164  kHz 
and  118  kHz  respectively. 


Figure  5:  Voltage  gain  with  and  without  neutralization. 

III.  MEASUREMENTS  AND  IMPROVEMENTS 

Tests  have  been  carried  out  at  different  power  levels  and 
operating  conditions.  The  stability  margin  with  and  without 
neutralization  was  measured  at  signal  level  with  a  50  Q 
load  connected  to  the  amplifier  (no  transmission  line)  and 
all  voltages  applied  to  the  tube.  The  same  signal  level 
measurements  were  carried  out  with  the  cold  tube  and  the 
resonant  load  connected  via  a  65m  of  transmission  line.  The 
above  tests  helped  to  identify  the  parasitic  modes  ,  their 
impedances  and  proper  value  of  the  neutralizing  capacitance 
to  provide  the  largest  stability  margin.  The  signal  level 
measurements  also  showed  that  a  resistance  in  series  with 
the  neutralizing  capacitor  and  the  Xl2  line  will  increase  the 
stability  margin  frrther  (this  has  not  been  tried  at  full 
power). 

The  following  improvements  could  be  implemented 
without  any  major  modifications  to  the  power  amplifier. 

A.  Additional  Anode  Loading 

Fig  6  shows  the  effect  of  a  10%  power  damping 
(reduction  of  Q)  in  the  anode  circuit.  This  is  achieved  by 
capacitively  coupling  a  50  Q  load  to  the  anode  cavity.  A 
2.3  dB  improvement  in  isolation  is  achieved  at  the 
fundamental  frequency  and  8.3  dB  and  11.2  dB 
improvements  at  the  more  dangerous  side  resonances.  The 
computed  values  are  1  dB  for  the  fundamental  and  12  dB 
for  the  side  frequencies.  Since  this  wastes  10%  of  the  output 
power  it  puts  an  additional  demand  on  the  drive  power  to 
produce  the  same  voltage  at  the  cavity  gap. 
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B.  Neutralization 

Neutralization  was  accomplished  via  a  neutralization 
capacitor  and  a  }Jl  line  to  bring  a  voltage  opposite  in  phase 
from  the  output  circuit  to  the  input  circuit.  Although  the 
voltage  gain  was  not  measur^,  figure  7  shows  an 
improvement  in  isolation  of  15  dB  at  and  15  dB  and  26 
dB  improvements  for  the  respective  side  frequencies  . 


Figure  6:  Resonance  at  the  anode  with  and  without  loading 
of  the  anode  circuit. 


neutralization. 

C.  Additional  Input  Loading 

Although  there  was  no  quantitative  measurement  made 
of  the  effect  of  input  loading,  an  improvement  in  stability 
was  observed  by  connecting  a  50  Q  load  (via  a  capacitor  for 
dc  blocking)  to  the  input  cathode  circuit  where  the 
impedance  is  approximately  10  Q,  This  should  give  an 
improvement  in  stability  margin  of  2  dB  at  the  fundamental 
frequency  but  at  the  expense  of  a  further  increase  drive 
requirement  of  2  dB. 

Summing  up  the  results  of  the  above  three 
improvements,  the  stability  margin  should  improve  by  at 
least  19.3  dB  at  f^,  23.3  dB  at  the  lower  side  frequency  and 
37.2  dB  at  the  higher  side  frequency  .  The  realistic  test  of 
course  is  the  response  at  high  power.  One  cannot  make  S21 
measurements  at  high  power  without  the  risk  of  damaging 
the  network  analyzer.  A  spectrum  analyzer  was  used  to 
record  a  spectrum  at  the  anode  at  an  output  power  of  38  kW 
(figure  8).  The  upper  plot  shows  more  than  40  dB  rejection 
of  sideband  signals.  The  lower  plot  shows  the  spectrum 


when  the  amplifier  is  intentionally  detuned  to  produce  all 
the  sidebands  and  resonances.  Before  the  improvements 
were  implemented  it  would  have  been  impossible  to  adjust 
any  tuning  without  the  amplifier  becoming  unstable. 
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Figure  8:  Spectrum  of  the  output  wave  form  at  the  anode. 

IV.  CONCLUSION 

Although  neutralization  was  not  required  when  the 
amplifier  was  connected  to  a  resistive  load,  it  became 
necessary  when  connected  to  the  resonant  load  via  a  long 
line  in  order  to  reduce  the  high  impedance  which  were 
created  at  the  side  frequencies  fg  near  the  operating 
frequency.  These  impedances  were  further  reduced  by 
anode  damping  and  the  overall  stability  further  improved  by 
damping  the  input  circuit.  To  achieve  this,  only  10  %  of  the 
output  rf  power  and  20  %  of  the  input  rf  power  is  wasted  in 
the  terminating  loads.  This  has  enabled  the  amplifier  to 
operate  reliably  on  a  regular  basis  without  any  parasitic 
oscillations. 
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Results  of  experimental  study  of  a  wide-aperture  relativistic 
klystron  for  VLEPP  are  presented.  Investigations  have  been  per¬ 
formed  using  the  driving  beam  of  the  JINR  LIA-3000  induction 
accelerator.  To  suppress  self-excitation  parasitic  modes  we  have 
used  technique  of  RF  absorbing  drift  tubes.  We  have  obtained 
75  MW  of  output  power  in  a  long  pulse  (250  ns)  and  100  MW  - 
in  a  short  pulse  (50  ns). 

L  Introduction 

To  achieve  a  high  output  power  of  X-band  klystron 
(<^  100  MW)  at  a  moderate  value  of  the  emittance  of  the  driv¬ 
ing  beam,  the  aperture  of  the  klystron  should  be  done  as  large  as 
possible.  On  the  other  hand,  at  increasing  the  aperture,  the  fre¬ 
quencies  of  the  parasitic  modes  become  quite  close  to  the  oper¬ 
ating  frequency  and  their  increments  grow  with  the  beam  current 
which  makes  the  problem  of  the  parasitic  oscillation  suppres¬ 
sion  more  complicated.  Our  experience  have  shown  that  stan¬ 
dard  techniques  to  suppress  parasitic  oscillations  (the  use  of  the 
wave  chokes  and  the  technique  of  permanent  change  of  the  phase 
velocity  of  the  parasitic  modes  to  decrease  the  interaction  region 
of  the  beam  with  parasitic  modes)  do  not  provide  the  desired  re¬ 
sults,  especially,  in  the  case  of  a  high  gain  (~  70  —  80  dB)  [2], 
[3]. 

In  papers  [2],  [3]  we  have  proposed  another  idea  to  suppress 
parasitic  oscillations  which  consists  the  use  of  RF  absorbing  drift 
tubes  for  distributed  suppression  of  parasitic  oscillations.  We 
have  upgraded  the  1 1  mm  aperture  klystron  with  RF  absorbing 
insertions  and  obtained  encouraging  results:  the  self-excitation 
modes  have  been  suppressed  and  we  have  achieved  the  value  of 
the  output  RF  power  about  of  45  MW  at  the  beam  current  I 
150  A  which  corresponds  to  the  designed  value  of  the  klystron 
efficiency  ~  30  %.  A  damage  of  output  structure  and  wave  trans¬ 
former  due  to  high  RF  power  forced  us  to  stop  experiments  with 
this  klystron  [3]. 

In  this  paper  we  present  the  results  of  amplification  experi¬ 
ments  with  wide-aperture  (15  mm)  VLEPP  klystron  upgraded 
with  absorbing  drift  tubes. 

11.  Experimental  setup 

Parameters  of  the  klystron  are  presented  in  Table  1 .  Pecu¬ 
liar  feature  of  this  klystron  is  that  it  has  large  aperture  of  drift 
tubes  (15  mm).  This  helps  to  increase  acceptance  of  the  klystron. 
Nevertheless,  there  is  one  harmful  consequence  of  a  large  aper¬ 
ture  -  the  ground  Hi  i  waveguide  mode  is  not  cut-off  one  for  this 
klystron.  As  there  are  always  misalignments  of  the  elements  of 
the  klystron,  this  results  in  self-excitation  of  the  klystron  on  the 


ground  Hu  mode  at  14  GHz. 

Investigations  have  been  performed  at  JINR  using  the  driving 
beam  of  LIA-3000  induction  accelerator  (energy  1  MeV,  beam 
current  up  to  300  A,  beam  emittance  O.OStt  cm  rad,  pulse  dura¬ 
tion  250  ns).  We  have  the  possibility  to  measure  the  beam  cur¬ 
rent  at  the  accelerator  exit,  entrance  and  exit  of  the  klystron  and 
the  beam  current  losses  inside  the  klystron.  To  obtain  a  more  de¬ 
tailed  information  about  the  RF  radiation,  we  have  used  beam 
collector  in  a  form  of  circular  waveguide  [4]. 

To  study  the  beam  dynamics  in  the  focusing  system  we  have 
screened  the  beam  from  the  electromagnetic  structure  of  the 
klystron  by  a  thin-wall  Ti  tube.  Measurements  have  shown  that 
there  were  no  losses  of  the  current  in  the  buncher  and  the  out¬ 
put  structure.  The  value  of  the  beam  current  in  the  collector  was 
300  A. 

Investigations  of  the  self-excitation  regime  have  shown  that 
Table  I 

Parameters  of  wide-aperture  VLEPP  klystron 


General  parameters 

Beam  voltage 

IMeV 

Beam  current 

250  A 

RF  frequency 

14.0  GHz 

Power  gain 

80  dB 

RF  peak  output  power 

100  MW 

Efficiency 

40% 

Focusing  system 

Type  of  magnets 

Permanent  magnet 

Max.  Magnetic  field 

4.5  kGs 

Period 

64  mm 

Number  of  periods 

14.5 

Acceptance 

0.1  TT  cm-rad 

Buncher 

Drift  tube  diameter 

15  mm 

Length  of  drift  section 

52  mm 

Number  of  drift  sections 

10 

Length  of  cavity 

12  mm 

Number  of  cavities 

11 

Mode  of  operation 

TT 

Output  structure 

Mode  of  operation 

7r/2 

Number  of  cells 

22 

Length 

110  mm 

Aperture 

20  mm 
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Figure.  1 .  Scheme  of  RF  absorbing  insertions.  Here  (1)  -  metal 
foil,  (2)  -  RF  absorbing  layer.  Insertion  in  the  right-hand  side  is 
placed  together  with  RF  filter  6  (see  Fig.2). 

there  exists  strong  self-excitation  of  parasitic  oscillations  in  the 
klystron  at  frequency  bands: 

13.9  GHz  <  /  <  14.15  GHz,  /i  =  14.04  GHz 

16.3  GHz  <  /  <  16,50  GHz,  /s  =  16.40  GHz 

and  their  harmonics  [4].  Application  of  standard  techniques  to 
suppress  the  self-excitation  was  ineffective  due  to  a  high  gain 
and  a  wide  aperture  of  the  klystron  [4].  The  presence  of  the  sig¬ 
nal  from  master  oscillator  (TWT)  does  not  change  the  situation. 

III.  Upgrading  of  the  klystron  with  RF  absorbing 
drift  tubes 

In  papers  [2],  [3],  [4]  we  have  developed  an  idea  to  suppress 
parasitic  oscillations  which  consists  the  use  of  RF  absorbing  drift 
tubes  for  distributed  suppression  of  parasitic  oscillations.  The 
main  idea  of  this  approach  is  to  find  such  a  klystron  design  where 
the  increments  of  parasitic  modes  are  less  than  their  attenuation 
in  the  klystron.  We  have  realized  this  concept  in  the  following 
way.  We  have  developed  technology  of  RF  attenuating  inser¬ 
tions  and  placed  them  inside  the  drift  tubes  of  the  klystron  (see 
Figs .  1  and  2).  We  have  studied  several  methods  to  obtain  absorb¬ 
ing  materials.  Investigations  have  shown  that  glass-carbon  ma¬ 
terials  are  more  simple  for  manufacturing  and  use  in  our  equip¬ 
ment. 

Such  a  distributed  suppression  filter  provides  significant  atten¬ 
uation  of  the  parasitic  modes  and  does  not  perturb  the  klystron 
operating  mode  [4].  Operating  experience  has  shown  that  inser¬ 
tions  do  not  affect  vacuum  conditions  and  are  stable  to  the  heat 
and  radiation  load. 

We  have  expected  also  that  the  insertions  may  cause  resistive 
instabilities  of  the  beam.  Nevertheless,  thorough  investigations 
of  the  beam  dynamics  have  not  shown  any  evidence  of  such  in¬ 
stabilities. 

In  the  same  way  as  it  has  been  described  in  the  previous  sec¬ 
tion,  we  have  performed  the  study  of  the  self-excitation  mode 
of  operation.  It  was  found  that  all  parasitic  modes  of  the  self¬ 
excitation  have  been  totally  suppressed. 

IV.  Study  of  amplification  regime 

After  upgrading  of  the  klystron  with  RF  absorbing  inser¬ 
tions,  we  have  performed  the  study  of  amplification  regime.  The 
master  signal  was  generated  by  the  travelling  wave  tube.  Typical 


Figure.  2.  Layout  of  the  klystron  with  RF  absorbing  insertions. 
Here  (1)  -  input  waveguide,  (2)  ~  resonators  of  buncher,  (3)  - 
output  structure,  (4)  -  RF  load,  (5)  -  RF  filter  for  Eqi  mode,  (6) 
~  RF  filters  for  Hn  modes  (14  GHz  and  16.4  GHz),  (7)  -  RF 
absorbing  insertions  (placed  inside  drift  tubes). 

oscillograms  of  amplification  mode  of  operation  are  presented 
in  Fig.3.  It  is  seen  from  Fig. 3a  that  there  are  no  fluctuations  of 
the  beam  current  in  the  collector  which  indicates  on  the  absence 
of  the  transverse  beam  instabilities.  We  have  measured  the  fre¬ 
quency  spectrum  of  the  output  radiation  and  have  not  observed 
any  frequencies  except  of  operating  frequency  14  GHz. 

At  the  beginning  of  operation  at  the  level  of  output  power  of 
about  10  MW  we  have  obtained  that  there  are  temporal  instabil¬ 
ities  in  the  form  of  output  signal.  At  further  increasing  of  the 
output  power  we  have  obtained  shortening  of  the  RF  pulse  with 
respect  to  the  beam  current  pulse.  This  is  connected  with  the 
RF  discharges  in  the  output  structure.  During  RF  training  proce¬ 
dure  [3],  [4]  we  have  gradually  increased  the  value  of  the  output 
power  and  after  3x10^  pulses  we  have  reached  75  MW  output 
power  within  the  pulse  length  of  250  ns.  In  Fig.4  we  present  am¬ 
plitude  characteristic  of  the  klystron.  It  is  seen  that  there  is  good 
agreement  between  theoretical  and  experimental  results. 

Upon  achieving  the  level  of  output  power  of  75  MW  the  effi¬ 
ciency  of  training  diminished  significantly,  short  pulse  (50  ns) 
we  have  achieved  the  value  of  the  output  RF  power  about  of 
100  MW  at  the  beam  current  I  ~  290  A. 

V.  Conclusion 

In  this  paper  we  developed  the  concept  of  the  klystron  with 
distributed  suppression  of  parasitic  modes.  Peculiar  feature  of 
the  present  experiment  is  that  we  proved  experimentally  a  possi¬ 
bility  to  construct  wide-aperture  klystrons  with  aperture  compa¬ 
rable  with  the  RF  wavelength.  Such  a  klystron  design  possesses 
significant  advantages  with  respect  to  standard  design  revealing 
perspective  of  increasing  operating  current  and,  as  a  result,  peak 
output  power.  We  believe  that  wide-aperture  klystrons  with  RF 
absorbing  drift  tubes  can  form  a  novel  direction  in  the  design  of 
short  RF  wavelength  klystrons. 
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SUMMARY 

Two  infrared  free  electron  lasers  (FELs)  of  the  FELI  are 
operating  using  S-band  80-MeV  linac  with  a  thermionic  gun 
and  a  165-MeV  linac  and  UV-FEL  facility  are  under 
construction.  Since  an  RF  system  for  linac-based  FELs  is 
required  of  long  pulse  duration  and  high  quality,  a  improved 
pulse  klystrons  (Toshiba  E3729)  has  been  operated  in  24-MW, 
24-p.s  pulse  mode  for  the  FELI  linac.  Our  klystron 
modulator  developed  by  the  FELI  and  NISSIN  Electric  Corp. 
has  a  PFN  consisted  of  4  parallel  networks  of  24  capacitors 
and  24  variable  reactors.  The  line  switch  is  consisted  of  30 
light  triggered  thyristors  (Toshiba  SL1500GX22).  A 
saturable  reactor  is  used  in  series  to  protect  30  thyristors  from 
overvoltage  caused  by  a  delay  of  thyristoFs  turn-on  time. 
The  flatness  of  modulator  pulses  is  0.08%p-p  at  20-MW,  24-|is 
pulse  operation.  The  24-|is  stable  RF  pulses  can  increase  a 
conversion  efficiency  from  electron  beam  power  to  FEL 
power  at  short  wavelength  FELs.  Saturated  FEL  outputs 
have  been  observed  for  18-p.s  at  5.5-|am  FEL  oscillation  and 
for  12-|lis  at  L88-|imFEL  oscillation,  respectively. 

INTRODUCTION 

The  FELI  is  now  operating  two  IR-FELs  using  an  80-MeV 
linac  with  a  thermionic  gun  and  is  constructing  a  165-MeV 
linac  and  a  UV-FEL  facility.  It  is  essentially  necessary  for 
linac-based  FELs  using  pulsed  rf  sources  to  get  a  stable  and 
long  rf  pulse  from  a  klystron.  A  stable  and  long  rf  pulse 
sources  enables  to  yield  a  stable  and  saturated  FEL  pulse 
source.  The  FELIX  group  has  succeeded  in  keeping  a  pulsed 
rf  source  stable  to  accelerate  a  22.5-MeV,  10-(is  beam  with  an 


energy  spread  of  0.5%[1].  For  this  purpose,  we  have 
developed  a  24-MW,  24-|is  pulse  power  modulator  for  an  S- 
band  klystron  (Toshiba  E3729)  at  three  operation  modes 
shown  in  Tab.  1.  Mode  1  and  Mode  2  are  for  FEL 
generation  and  Mode  3  is  for  injection  to  a  storage  ring. 


Table  1  Parameters  of  Klystron  Modulator 


Mode 

Mode  1 

Mode  2 

Mode  3 

Output  voltage(kV) 

285 

304 

390 

Output  current(A) 

280 

305 

477 

Pulse  width(|is) 

24 

12.5 

0.5 

Flat-top(p.p)(%) 

0.08 

0.08 

1.5 

Stability(%) 

0.08 

0.08 

1.5 

Repetition(pps) 

10 

10 

10 

Rise  time(|as) 

2 

2 

2 

Fall  time(|is) 

3 

3 

3.5 

*Rise  and  fall  time  is  measured  from  10-90%  of  the  output 
pulse. 

KLYSTRON  MODULATOR 

Fig.  1  shows  the  circuit  diagram  of  the  klystron  modulator. 
This  modulator  is  consisted  of  the  charging  section  using 
converter-inverter,  the  pulse  forming  network(PFN)  section 
with  4  parallel  L-C  circuit,  the  main  switch  section  using  light 
triggered  thyristors,  and  the  mounting  tank  for  the  klystron  to 
supply  high  voltage  by  a  pulse  transformer.  The  output 
voltage  is  measured  at  the  secondary  side  of  the  pulse 
transformer  by  a  capacitive  divider.  Details  of  these  sections 
are  as  follows. 


Charging  Pulse  forming  Main  switch 

section  section  section 

Circuit  of  the  Klystron  Pulse  Power 

Fig.  1  Circuit  Diagram  of  Klystron  Modulator 


Klystron  mounting 
tank 

Supply 
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(1)  Chaining  Section 

We  use  a  converter-inverter  charging  circuit  instead  of 
IVR-De-Qing  one,  because  De-Qing  one  has  the  following 
problems. 

i)  A  charging  voltage  of  the  PFN  involves  about  0.2% 
fluctuation  due  to  an  input  voltage. 

ii)  Pulse  repetition  rate  is  low  (lOpps).  Therefore,  the  scale 
of  charging  section  becomes  bigger  due  to  a  large  time 
constant  at  resonant  charging. 

Therefore,  our  inverter  is  consisted  of  5  cascades  at 
15kHz  and  we  have  achieved  a  high  stability  within +1  x  10^ 
of  charging  voltage. 

(2)  Pulse  Forming  Section 

The  PFN  is  consisted  of  4  parallel  networks  and  the  output 
pulse  width  are  24|is,  12.5|is  and  0.5|lis  at  mode  1,  2  and  3, 
respectively.  Because  of  the  4  parallel  PFNs,  an  inductance 
of  each  variable  reactors  can  be  designed  to  be  larger  than  that 
of  the  single  PFN.  Therefore,  effects  of  the  wiring 
inductance  to  the  modulator  pulse  waveform  is  small.  Each 
reactor  of  the  PFN  is  adjustable  by  means  of  a  remote  control 
system  using  a  motor  driving  plunger.  The  minimum 
adjustable  amount  of  the  PFN  reactor  is  0.005%  and  the 
maximum  adjustable  span  is  45%.  Therefore,  the 
adjustment  of  output  waveform  has  been  easily  performed, 
and  a  0.08%  flat-top  of  output  pulse  waveform  has  been 
achieved.  If  the  klystron  has  break  down  during  a  high 
voltage  is  applied,  the  PFN  capacitors  suffer  from  large 
reverse  voltage.  To  reduce  this  damage,  an  EOL  (End  of 
line)  clipper  circuit  is  set  and  the  reliability  of  the  modulator 
becomes  high. 

(3)  Main  Switch  Section 

We  have  used  the  light  triggered  thyristor  (Toshiba 
SL1500GX22,  SOseries)  stack  as  the  main  switch  for  keeping 
the  output  voltage  stable.  Generally  speaking,  a  thyratron  is 
suitable  for  switching  of  high  voltage  and  large  current.  But 
in  this  case,  the  thyratron  is  not  suitable  because  a  change  of 
its  resistance  is  large  (>0.1%)  during  the  conduction  time. 

However,  in  order  to  use  the  light  triggered  thyristors,  we 
have  solved  the  following  problems. 

i)  The  value  of  dl/dt  is  more  ten  times  (-3000A/|is)  than  the 
thyristor’s  specification. 

ii)  It  is  necessary  to  trigger  30  thyristors  simultaneously  as  a 
switch. 

Before  adopting  light  triggered  thyristor,  we  have  tested 
dl/dt  of  the  same  device.  The  result  was  that  the  thyristor 
was  breaked  down  at  about  1700A/|is.  Therefore,  we  have 
set  a  saturable  reactor  in  series  with  the  light  triggered 
thyristors  to  keep  a  counter-measure  to  a  delay  of  each 
thyristor’s  tum-on  and  a  suitable  conduction  space  at  the 
switching  time.  The  use  of  the  saturable  reactor  enables  us 
its  running  under  a  hard  condition  of  dl/dt  -3000A/ps.  On 
the  other  hand,  the  use  of  the  light  triggered  thyristors  makes 
it  easy  to  insulate  the  gate  drive  circuit  and  to  withstand  to  a 
high  reverse  voltage. 


PERFORMANCE 


/.  Light  Triggered  Thyristors 

Fig.  2  shows  the  time  response  of  the  resistance  of  light 
triggered  thyristors  at  the  mode  1.  After  the  main  current 
reaches  the  peak,  the  resistance  is  about  0.6-0.30/30devices, 
that  is,  20mfl-10mf2/l  device.  The  resistance  at  the  whole 
conduction  is  about  0.5mf2  (at  current  is  4kA).  Therefore, 
the  conduction  space  of  this  thyristor  is  about  1/40-1/20  of  the 
whole  conduction  at  the  mode  1.  Though  we  have  already 
tried  3  x  10^  shots  under  this  condition,  there  are  no  any 
troubles  at  all. 

It  is  easily  understood  from  Fig.  2  that  the  resistance  of 
the  light  triggered  thyristor  decreases  in  micro-second  order, 
so  we  can  adjust  the  waveform  so  as  to  cancel  this  effect. 
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2.  Klystron  Modulator  and  Klystron 

Table  2  shows  the  characteristics  of  the  output  at  three 
modes  and  Figs.  3  and  4  show  the  waveforms  of  the  output 
voltage  at  the  mode  1 . 


Table  2  Performance  of  Klystron  Modulator  and 
Kystron  E3729 


Mode 

Mode  1 

Mode  2 

Mode  3 

Output  voltage(kV) 

285 

304 

390 

Output  current(A) 

280 

305 

477 

Pulse  width(jLis) 

23.2 

12.0 

0.5 

Flat-top(p.p)(%) 

0.08 

0.08 

0.3 

StabUity(%) 

0.07 

0.06 

0.15 

Repetition(pps) 

10 

10 

10 

Rise  time(|xs) 

2.0 

2.5 

2.0 

Fall  time(|is) 

4.5 

6.5 

6.4 

RF  output(MW) 

24 

34 

70 

from  E3729 

*Rise  and  fall  time  is  measured  from  10-90%  of  the  output 
pulse. 

The  rise  time  of  the  output  is  about  2-3|is.  This  shows 
that  the  light  triggered  thyristors  can  withstand  for  the  rise 
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time  of  micrO‘Second  order  due  to  the  effect  of  the  saturable 
reactor.  Fig.  4  shows  the  flatness  of  the  modulator  pulses  is 
kept  within  0.08%p.p  at  24-MW,  24’"ps  pulse  operation. 


time(5  fi  s/div) 


Fig.  3  Waveform  of  Output  Voltage  at  the  Mode  1 


time(5  p.  s/div) 

Fig.  4  Expanded  View  of  Top  Part  of  the  Waveform 
shown  in  Fig.  3 


3.  Modulator  Pulse  and  24‘\is  rf  Pulse 

Fig.  5  shows  the  waveforms  of  the  modulator  current 
pulse  and  24-|is  rf  pulse.  Tiny  ripples  seen  on  the 
waveforms  are  due  to  white  noise  of  the  sampling 
oscilloscope  (TDS460“Tecktronics). 

4*  24-\\s  rf  Pulse  and  5.5-p5  PEL  Macropulse 

Fig.  6  well  demonstrates  a  saturated  S.S-ps  FEL 
macropulse  continues  for  a  duration  of  18-ps  at  the  24-iis  rf 
pulse  operation[2].  This  is  a  good  example  to  show  that  a 
stable  and  long  rf  pulses  can  improve  a  conversion  efficiency 
from  electron  beam  power  to  FEL  power. 


Fig.  6  24-ps  rf  Pulse  and  5.5-ps  FEL  Macropulse 
CONCLUSION 

A  24'’MW,  24-|jls  pulse  rf  power  supply  has  been 
developed  for  linac-based  FELs.  The  flatness  of  the  klystron 
modulator  pulses  is  kept  within  0.08%  at  24-MW,  24-|is  pulse 
operation  by  using  the  light  triggered  thyristors  and  remote 
control  systems  for  variable  reactors  of  the  PFNs. 
Experimental  data  on  FEL  oscillations  at  5.5pm  have 
demonstrated  that  stable  and  long  rf  pulses  can  yield  saturated 
and  long  FEL  macropulses  can  improve  a  conversion 
efficiency  from  electron  beam  power  to  FEL  power  at  short 
wavelength  FELs. 
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INITIAL  OPERATION  OF  AN  X-BAND  MAGNICON  AMPLIFIER 
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We  present  a  progress  report  on  a  program  to  develop 
a  high-power  second  harmonic  magnicon  amplifier  at  1 L4 
GHz  for  linear  accelerator  applications.  The  experiments 
are  being  carried  out  on  the  NRL  Long-Pulse  Accelerator 
Facility  using  a  plasma  cathode  to  create  the  electron  beam. 
Typical  beam  parameters  are  500-700  kV,  170-250  A,  5.5 
mm  diameter,  with  a  -300  nsec  voltage  flattop.  The  ac¬ 
celerator  operates  single  pulse  with  a  -10“2  Hz  repetition 
rate.  A  complete  five  cavity  magnicon  circuit  was  designed 
via  computer  simulation,  fabricated,  and  cold  tested.  In 
early  tests,  a  low  power  saturation  effect  was  observed  in 
the  deflection  cavities,  apparently  due  to  plasma  formation 
caused  by  the  diode  x-ray  flux  and  by  inadequate  vacuum 
conditions.  Following  a  major  effort  to  improve  the  vac¬ 
uum  and  surface  conditions,  recent  experiments  have 
shown  that  it  is  possible  to  “bum  through”  this  low  power 
saturation  effect,  and  achieve  high  fields  in  the  5.56  GHz 
penultimate  cavity  when  the  drive  cavity  is  excited  by  a  10 
kW  input  signal.  Synchronous  with  the  penultimate  cavity 
signal,  a  100-200  nsec  multi-MW  frequency-doubled  out¬ 
put  pulse  is  observed  at  1 1.12  GHz. 

1.  INTRODUCTION 

The  magnicon  [1,2]  is  a  scanning-beam  microwave 
amplifier  that  is  under  consideration  as  an  alternative  to 
klystrons  in  powering  future  high-gradient  linear  electron 
accelerators.  Scanning-beam  amplifiers  modulate  the  in¬ 
sertion  point  of  the  electron  beam  into  the  output  cavity  in 
synchronism  with  the  phase  of  a  rotating  rf  wave.  This 
synchronism  creates  the  potential  for  an  extremely  efficient 
interaction  in  the  output  cavity,  since  every  electron  will  in 
principle  experience  identical  decelerating  rf  fields.  In  the 
magnicon,  the  output  interaction  is  gyrotron-like,  and  re¬ 
quires  a  beam  with  substantial  transverse  momentum.  The 
transverse  momentum  is  produced  by  spinning  up  the  elec¬ 
tron  beam  in  a  sequence  of  TMno  deflection  cavities,  the 
first  driven  by  an  external  rf  source.  The  output  cavity  em¬ 
ploys  an  rf  mode  that  rotates  in  synchronism  with  the  de¬ 
flection  cavity  modes.  As  a  result,  the  beam  entering  the 
output  cavity  is  fully  phase  modulated  with  respect  to  the 
output  cavity  mode.  The  optimum  magnetic  field  in  the  de¬ 
flection  cavities  is  approximately  twice  the  cyclotron 
resonant  value  at  the  drive  frequency,  while  the  output  cav- 
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ity  operates  as  a  first  harmonic  cyclotron  device.  These 
two  constraints  lead  naturally  to  the  design  of  a  second- 
harmonic  amplifier,  in  which  the  output  cavity  operates  at 
twice  the  frequency  of  the  deflection  cavities  and  employs 
aTM2io  mode  (see  Fig.  1).  This  is  the  configuration  that  is 
under  investigation  at  NRL,  as  well  as  at  the  Budker  Insti¬ 
tute  of  Nuclear  Physics  (INP). 
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Fig.  1.  NRL  X-band  magnicon  schematic. 


n.  MAGNICON  DESIGN 

Following  a  two-deflection  cavity  gain  experiment 
that  demonstrated  -15  dB  of  gain  and  good  agreement  with 
theoretical  predictions  [3],  a  complete  11.4  GHz  fre- 
quency-doubling  magnicon  amplifier  circuit  as  illustrated 
in  Fig.  1  was  designed  via  computer  simulation  [4].  These 
simulations  were  designed  to  produce  a  pitch  angle  of  -45° 
at  the  end  of  the  penultimate  cavity,  i.e.,  (X^_lA||-1,  where 
vj_  and  V|  |  are  the  electron  velocity  components  perpendicu¬ 
lar  and  parallel  to  the  applied  magnetic  field.  Both  single 
particle  and  2-mm-diam.  simulations  achieved  efficiencies 
of  -56%.  (The  2-mm  beam  corresponds  to  the  predicted 
performance  of  the  INP  thermionic  magnicon  electron  gun 
for  a  6.5  kG  magnetic  field.)  However,  the  5.5-mm-diam. 
simulation,  corresponding  to  the  present  diameter  of  the 
NRL  beam,  achieved  an  efficiency  of  only  -23%  due  to  the 
substantial  energy  spread  and  phase-mixing  of  the  beam 
entering  the  output  cavity. 

III.  EXPERIMENTAL  RESULTS 

The  complete  five-cavity  circuit,  including  a  drive 
cavity,  two  gain  cavities,  and  a  two-section  7C-mode  penul¬ 
timate  cavity,  all  operating  at  5,56  GHz  in  the  TMno 
mode,  followed  by  an  11.12  GHz  TM2io-niode  output  cav¬ 
ity,  was  fabricated,  cold  tested,  calibrated,  and  placed  under 
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vacuum  on  the  NRL  Long-Pulse  Accelerator  (LPA)  Facil¬ 
ity.  Each  of  the  cavities  has  a  calibrated  rf  pickup,  and  the 
output  from  the  last  cavity  can  also  be  monitored  at  the  end 
of  the  experiment  using  microwave  pickups.  The  power  is 
coupled  out  of  the  output  cavity  through  an  iris,  and  simul¬ 
taneously  converted  to  the  TE21  mode  which  is  then  radi¬ 
ated  through  a  3.5-cm  lucite  window.  The  various  rf  sig¬ 
nals  are  measured  using  calibrated  attenuators  and  crystal 
detectors.  The  first  cavity  is  driven  by  rf  from  a  tunable  C- 
band  magnetron. 

Initial  tests  were  carried  out  at  the  design  voltage  and 
current  (500  kV,  ^170  A),  and  at  magnetic  fields  ranging 
from  6.5-10  kG.  The  beam  is  produced  from  a  velvet 
cathode  by  plasma-induced  field  emission.  The  voltage 
pulse  consists  of  a  100  nsec  risetime,  a  -300  nsec  flattop, 
and  a  500  nsec  falltime.  During  the  voltage  falltime,  the 
diode  impedance  collapses,  often  resulting  in  substantially 
larger  currents  than  during  the  voltage  flattop.  In  addition, 
the  deflection  cavity  gain  increases  at  lower  voltage.  As  a 
result,  oscillation  often  occurs  during  the  trailing  voltage 
pulse.  However,  the  signal  at  the  voltage  flattop  seems  to 
correspond  to  stable  amplification.  The  initial  tests  of  the 
complete  magnicon  circuit  demonstrated  high  gain  (-40 
dB)  in  the  deflection  cavities  at  low  values  of  the  drive  sig¬ 
nal,  but  showed  a  nonlinear  saturation  effect  in  the  deflec¬ 
tion  cavities  at  higher  drive  signals.  As  the  drive  power 
was  increased,  the  signals  in  each  of  the  deflection  cavities 
appeared  to  saturate  at  -1-10  kW.  This  saturation  effect 
appears  to  be  due  to  plasma  formation  in  the  cavities,  initi¬ 
ated  by  the  diode  x-ray  pulse,  generated  due  to  inadequate 
vacuum  and  surface  conditions,  and  sustained  by  the  mi¬ 
crowaves.  This  plasma  constitutes  a  nonlinear  load  on  the 
cavities,  clamping  the  microwave  signal  without  com¬ 
pletely  shorting  out  the  cavities.  As  a  result,  only  small 
signals  (<100  kW)  were  seen  from  the  output  cavity. 

A  major  effort  was  made  to  improve  the  vacuum,  in¬ 
cluding  a  redesigned  vacuum  manifold  that  improved  the 
pumping  of  the  deflection  cavities  by  an  order  of  magni¬ 
tude.  In  addition,  the  cavities  were  disassembled,  thor¬ 
oughly  cleaned  with  detergents  and  solvents,  reassembled, 
and  put  through  a  low-temperature  (-120°  C)  bakeout. 
Following  this,  a  new  set  of  measurements  were  begun. 
The  low  power  saturation  effect  was  still  seen.  However, 
at  higher  currents,  voltages,  and  magnetic  fields  (e.g.,  650 
kV,  300  A,  1 1  kG),  a  new  regime  of  behavior  was  observed 
in  the  deflection  cavities.  Greatly  increased  signal  levels 
were  seen  in  the  second  and  third  deflection  cavities  (with  a 
nominal  1  kW  signal  in  the  first  cavity),  with  the  third  cav¬ 
ity  signal  rising  rapidly  (-30  nsec)  to  approximately  1  MW, 
before  suffering  an  rf  breakdown.  The  penultimate  cavity 
also  reached  high  power  (-100  kW)  in  a  short  pulse,  before 
breaking  down. 


The  next  step  was  to  assemble  a  heterodyne  frequency 
diagnostic  to  measure  the  spectrum  of  the  output  radiation. 
This  diagnostic  combined  the  output  signal  with  a  local  os¬ 
cillator  in  a  double-balanced  mixer,  and  then  acquired  the 
difference  signal  using  a  Tektronix  DSA602  digital  oscillo¬ 
scope  with  an  analog  bandwidth  of  -1  GHz,  a  2  GS/s  digi¬ 
tizing  rate,  and  an  FFT  (fast  fourier  transform)  capability. 
By  varying  the  local  oscillator  frequency,  spectral  compo¬ 
nents  can  be  determined  to  a  precision  of  a  few  MHz. 

Using  this  diagnostic,  a  search  was  made  for  the  pre¬ 
dicted  magnicon  output  frequency  of  1 1.12  GHz.  At  the 
higher  magnetic  fields  (-11  kG)  that  maximized  the  de¬ 
flection  cavity  gain,  only  low  frequency  signals  (<9.5  GHz) 
were  observed.  However,  as  the  magnetic  field  was  re¬ 
duced,  the  predicted  magnicon  line  appeared  in  the  emis¬ 
sion  spectrum.  Under  a  variety  of  conditions,  the  only 
spectral  peak  at  frequencies  greater  than  9.5  GHz  was  a 
strong  feature  at  11.12  GHz.  In  order  to  assure  that  only 
this  frequency  component  would  be  measured,  Ku-band 
waveguide-to-coax  adapters,  with  a  9.5  GHz  cutoff  fre¬ 
quency,  were  used  as  microwave  pickups.  Two  pickups, 
one  stationary,  and  one  that  swept  on  an  81-cm-radius  arc 
about  the  output  window,  were  used  to  measure  the  radia¬ 
tion  antenna  pattern.  An  anechoic  enclosure  was  built 
around  the  pickups  and  the  output  window.  The  results  for 
the  E9  scan  are  shown  in  Fig.  2.  Each  point  is  the  average 
of  three  experimental  shots,  and  the  value  from  each  shot  is 
normalized  by  the  power  at  the  stationary  pickup.  A  simi¬ 
lar  pattern  was  measured  in  Ej-.  Fig.  2  is  in  good  agreement 
with  the  calculated  far-field  pattern  of  the  TE21  mode. 
Using  this  data,  one  can  relate  the  power  received  by  a  Ku- 
band  pickup  at  the  angular  peak  of  the  pattern  to  the  total 
power  radiated  into  2n.  The  total  power  received  by  the 
pickup  is  calculated  from  the  signals  received  by  calibrated 
crystal  detectors  by  determining  (in  a  one-step  transmis¬ 
sion  measurement)  the  total  attenuation  due  to  coaxial  ca¬ 
ble  loss  and  fixed  and  variable  attenuators. 
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Fig.  2.  Angular  scan  of  Eq  component  of  antenna  pattern. 


Next,  a  scan  of  output  power  versus  magnetic  field 
was  made  with  one  pickup  at  the  angular  maximum  of  the 
antenna  pattern.  The  results  are  shown  in  Fig.  3.  The 
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power  is  seen  to  peak  in  the  vicinity  of  7.3  kG.  Using  the 
procedure  outlined  above,  the  largest  signals  correspond  to 
a  total  radiated  power  of  99  dBm,  or  8  MW.  The  overall 
uncertainty  in  this  number  is  still  under  investigation,  but  is 
estimated  as  ±3  dB.  At  7.3  kG,  the  typical  beam  current  is 
225  A  at  650  kV.  Accordingly,  the  best  estimate  of  the 
magnicon  efficiency  is  5.5%.  Figure  3  also  shows  the  re¬ 
sults  from  timedependent  simulations  of  the  output  cavity, 
assuming  a=0.3  [5].  This  a  was  chosen  to  yield  approxi¬ 
mately  the  same  peak  power  as  the  experimental  value.  It 
is  noteworthy  that  the  simulations  predict  high  power  out¬ 
put  over  a  much  broader  range  of  magnetic  fields  (P>2 
MW  for  6.5<B<1 1  kG)  than  is  observed  in  the  experiment. 


Magnetic  field  (kG) 


Fig.  3.  Output  power  vs  magnetic  field. 

The  microwave  measurements  are  still  in  progress.  At 
this  point,  it  is  known  that  the  signal  in  the  output  cavity  is 
precisely  2x  the  frequency  of  the  penultimate  cavity  signal. 
Also,  at  7.5  kG,  the  shot-to-shot  variation  in  the  timing  of 
the  penultimate  cavity  signal  is  tracked  by  the  timing  of  the 
output  cavity  signal.  Furthermore,  the  penultimate  cavity 
signal  is  only  present  (during  the  voltage  maximum)  if  the 
5.56  GHz  drive  signal  is  present  in  the  first  deflection  cav¬ 
ity.  However,  we  have  not  yet  determined  the  gain  in  each 
of  the  cavities,  the  bandwidth  of  the  interaction,  or  the  de¬ 
gree  to  which  the  output  signal  is  frequency  or  phase 
locked  to  the  drive  signal.  We  have  also  not  determined 
the  reason  for  the  rapid  decrease  in  output  power  as  the 
magnetic  field  is  increased  (far  more  rapid  than  predicted 
by  simulations)  or  the  significance  of  the  low  frequency 
signals  observed  at  higher  magnetic  fields. 

IV.  CONCLUSIONS 

The  NRL  magnicon  experiment  previously  demon¬ 
strated  the  basic  magnicon  gain  mechanism  in  two-deflec¬ 
tion-cavity  experiments.  However,  those  experiments 
were  forced  to  operate  at  very  modest  power  levels  to  avoid 
an  unanticipated  gain  saturation  effect,  that  occurred  as  in¬ 
tracavity  powers  approached  the  kilowatt  level.  In  the  test 
of  the  full  five-cavity  magnicon  circuit,  the  same  gain  satu¬ 


ration  effects  were  observed  despite  substantial  improve¬ 
ments  in  the  overall  vacuum  system.  Experimental  tests 
demonstrated  that  the  saturation  was  due  to  plasma  forma¬ 
tion,  caused  by  inadequate  vacuum  and  surface  conditions, 
and  initiated  by  the  large  x-ray  flux  from  the  accelerator 
diode  region.  A  program  of  progressively  improving  the 
vacuum  conditions,  while  at  the  same  time  pushing  the  en¬ 
velope  of  magnicon  parameters  by  operating  at  higher  cur¬ 
rent,  voltage,  and  magnetic  field,  has  demonstrated  that  this 
low  power  saturation  effect  can  be  “burned  through”  in 
short  (-50-200  nsec)  high  power  pulses  in  the  deflection 
cavities,  generally  followed  by  rapid  rf  breakdown.  Under 
the  right  combination  of  experimental  parameters  (650  kV, 
225  A,  7.3  kG  magnetic  field),  a  large  amplified  signal  is 
observed  in  the  penultimate  cavity  at  5.56  GHz,  and  syn¬ 
chronous  with  it,  a  -100  nsec  FWHM  frequency-doubled 
output  pulse  at  1 1 . 1 2  GHz.  Based  on  a  scan  of  the  far-field 
antenna  pattern  and  absolute  calibration  of  the  detected 
microwave  signals,  the  best  shots  correspond  to  8  MW  ±  3 
dB  at  an  efficiency  of  -5%. 

Work  is  in  progress  to  further  characterize  and  opti¬ 
mize  the  operation  of  the  present  magnicon  experiment. 
However,  it  is  evident  that  the  NRL  program  must  transi¬ 
tion  to  a  thermionic  diode,  a  cw  magnet,  and  a  rep-rated 
modulator  in  order  to  demonstrate  the  feasibility  of  effi¬ 
cient,  long-pulse,  high-duty-factor  magnicon  amplifiers  at 
11.4  GHz  for  linear  accelerator  applications. 
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THE  EFFECTS  OF  TUNING  AND  TERMINATING  ON  THE  OPERATING 
MODE  OF  MULTI-CELL  COUPLED  CAVITY* 

Zubao  Qian,  Fermi  National  Accelerator  Lab,  Box  500,  Batavia,  IL  60510  USA 


L  INTRODUCTION 

The  coupled  resonator  chain  is  widely  used  as  an 
accelerating  unit.  Many  people  have  successfully  treated  this 
kind  structure  with  different  ways  in  lossless  case  to 
understand  the  steady  state  behavior  of  the  chain.  A  chain  of 
N  coupled  resonators  has  N  dispersion  resonate  modes  which 
has  different  properties.  In  general,  when  losses  and  frequency 
error  are  present  in  cavity  the  solution  are  no  longer  the 
simple  eigenfunction  of  the  homogeneous  equations,  but  are 
superpositions  of  all  the  eigenfunctions.  Many  such  structures, 
especially  superconducting  coupled  cavity,  have  been 
operated  in  the  "  K  mode"  as  accelerator  elements.  According 
to  the  theoretical  analyze  in  lossless  case,  pai-mode  operating 
means  group  velocity,  which  is  relative  to  the  power  flowing 
in  the  structure  and  the  energy  stored  per  unit  length  of  the 
structure,  is  zero  and  in  steady  state  no  power  of  this  mode 
can  flow  in  the  cavity.  Strictly  speaking,  operation  in  the  K 
mode  is  not  possible.  In  practical  case  any  cavity  has  losses, 
the  energy  must  be  supplied  through  excitation  of  adjacent 
modes  to  compensate  for  losses  and  there  are  resultant  phase 
changes  in  the  cavity.  The  phase  deviation  from  U  radians 
per  cell  is  given  by  [Nagle  (1964),  Knapp  (1964),  and  Smith 
(1964)]n] 

Any  machining  error  also  will  produce  frequency  and 
phase  deviation  from  theoretical  modes.  As  many  papers 
described  what  was  so  called  "  K  mode"  only  means  the  field 
in  the  cavity  has  been  flatted  by  tuning  individual  cell 
frequency. It  is  true  the  71  mode  has  flat  field 
distribution,  but  the  cavity  with  flat  field  may  not  exactly 
operate  at  71  mode.  This  paper  discusses  the  affection  of  the 
terminated  cell  and  tuning  on  operating  mode  of  coupled 
cavity  at  an  ideal  steady  state  by  using  eigenequations  and 
perturbation  theory. 

IL  THE  SOLUTION  OF  THE 
EIGENEQUATION  FOR  TWO  KIND 
TERMINALS 

For  the  coupled  resonator  chain  there  are  two  different 
kind  terminals,  two  half  end  cell  terminal  which  put  the 
shorted  plat  at  a  symmetric  plan  and  two  full  end  cell 
terminal.  Many  of  the  electrical  properties  of  a  chain  with 
N+1  coupled  resonators  have  been  investigated  by 
considering  the  properties  of  N+1  coupled  circuits.  For  N+i 
cell  cavity  the  circuit  equations  are 
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(n=l,2--N-l) 

Here  (0^-‘^=2l.C\  X„=In(2Ln)>'2;  QR=2  In  the 
lossless  and  no  generator  included  case  Q  oo  and  ln=0. 
There  are  N+1  solutions  to  the  homogeneous  equation  of  the 
form.  For  half  end  cell  terminated,  m=K,  the  solutions  are 

=  (const)  cos  •,  ty^=<yg/(l+kcos-^); 

C0^=  t0o(l+kcos  (p=q  Tt/N  (q=0,l,2  -  N) 

The  lowest  mode  is  q=0,  highest  mode  is 

q=  71,  S  (0,  7t  mode).  The  group  velocity  is 

V^=L-^=YLk(J)o(l+kcos(p)  ^sin^ 

(L  the  length  of  single  cell) 

It  indicated  that  for  half  end  cell  terminated  without  loss 
or  other  adjustment  the  chain  does  have  zero  and  ^  mode, 
but  for  both  zero  and  ^  modes  (^^=0,  ^  )  the  group 
velocity  ^^=0. 

As  above,  for  full  end  cell  terminated,  m=k/2  the  solutions 
are 

X:=^(const)smj^e^^^‘-, 

(Oll(}+y^cosj^y,  (O^- £y(,(l+kcos^)'>^; 

(P  =  T^)  (q=l,2.3-N+l). 

The  lowest  mode  q=l,  dJo/fl+kcos  (/v+2))’ 

highest  mode  q=N+l,  =  ©o  /  (1  + 

There  is  no  zero  and  71  mode,  and  the  field  amplitude  along 
axis  of  the  cavity  operating  in  the  highest  mode  is  no  longer 
uniform  and  tilts  from  the  center  of  the  cavity  to  ends,  but  if 
the  single  cell  is  the  same,  both  with  full  and  half  end  cell 
terminal  the  dispersion  functions  have  same  form.  At  an 
unperturbed  case  the  field  along  axis  of  the  cavity  is  flatness 
only  when  exactly  operating  at  zero  or  K  mode,  this  is  why 
after  the  field  was  tuned  flatness,  one  thinks  cavity  operating 
in  the  "  ^  mode",  as  mentioned  above  it  may  be  not  right, 
because  of  perturbation. 

IIL  PERTURBATION  EQUATIONS  AND 
FIRST  ORDER  SOLUTIONS  OF  COUPLED 
CIRCUITS 

Since  the  K  mode  has  a  higher  effective  shunt  impedance, 
most  superconducting  multi-cell  cavities  were  demanded 
operating  at  K  mode".  For  full  end  cell  terminated  cavity 
there  is  no  71  mode,  introducing  some  frequency  error  in 
single  cell  is  needed  to  move  the  highest  mode  to  "  K  mode". 
If  the  frequency  CO-  error  is  small,  it  can  be  considered 
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perturbation,  the  perturbation  theory  can  be  used  to  treat  this 
kind  problem.  For  simple,  five  full  cell  cavity  has  been 
treated.  In  ideal  case  and  steady  state,  the  circuit  eigenfuctions 
of  the  cavity  can  expressed  as  a  matrix  form  as  follow: 


■  4  0  0  O' 

xr 

1^2  4  14  0  0 

X„2 

0  A3  IA3  0 

;4= 

X„3 

0  0  I A4  A4  f  A4 

X„4 

I - 

0 

0 

0 

_X„5_ 

Here  =  Cd- ^;A=  L  is  an  operator,  An  is  the 


eigenvalues  and  Xn  is  the  eigenvectors.  In  unperturbed  case 
=  A  the  solutions  are  ®Ai=A(l+^k); 

0A2=/l(l+yk);  0a3=  A  ;  0A4=(1-Yk);  0A5=A(l-^k) 
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All  eigenvectors  are  orthogonal  each  other,  XiXj=0  (i^tj) 
and  XiXj=const  (i=j)  (i,j=:l,2...5),  the  solutions  of  5-cell 
cavity  are  the  same  as  results  calculated  by  SUPERFISH 
shown  in  Fig.  1. 


Fig.  1:  The  field  distribution  and  dispersion  curve  of  a 
five-cell  cavity  calculated  by  SUPERFISH  a)  full  end  cell 
terminnated  without  tuning  b)  full  end  cell  terminated  with 
tuning  axial  field  flatness,  c)  half  end  cell  terminated. 


When  the  individual  cell  frequencies  are  not  equal  to  each 

other  but  the  deviation  is  small,  1  ^i\/  A  «1,  (such 

as  a  full  end  cell  cavity  after  tuning  field  flatness.  If  the 
central  cell  frequencies  are  equal,  only  needed  to  tuning  full 
end  cells)  the  operator  L  can  be  written  as  L=Lo+P,  Lq  is  the 
unperturbed  part  of  the  matrix  operator,  P  is  the  perturbed 
part,  and  the  matrix  elements  of  perturbation  matrix 

P  ^Xj\  and  ^X^  ^Xj  are  unperturbed 

eigenvectors. 


'liooo' 

£1  y£l  0  0  0 

iuoo 

|•£2  £2  |£2  0  0 

0^110 

;  P= 

0  •|£3  £3  |£3  0 

OO^li 

0  0  f£4  £4  |£4 
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_  0  0  0  |£5  £5  _ 

Since  most  single  periodic  couple  cavities  operate  in  the 
highest  mode,  here  i.e,  mode  5  which  so-called  "  ^  mode", 
only  this  mode  has  been  calculated  with  first  order 
approximation. 

Qi5=(T-#k)(ei-3e2+4e3-3e4+e5) 
Q25=(4-^k)(-ei+-\/3  62 -Vb  £4+65) 
Q35=(i-#k)(e,-2e3+e5) 

Q45=(7-#k)(-ei-V3  £2  +  ^/3  £4  +  65) 


Q55=(i-#k)(£i  +3  £2 +4  £3+3  £4 +  £5) 
The  first  order  correction  is  obtained  using 


‘4  =  Qnn  ; 


ly  -Y 

j^n  ^ 


'4=Q55=(  i-x k)(ei+3  £2 +4  £3+3  £4  +  £5) 

gl5°^l  I  I  635  ,  e45°-y4 

^5-  02lj_0^,  "T  T  0^5-043  "T- 


(1-fA:) 
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'\/3(~3£j  ~  £2  +  3£4  +  £5) 

£,  +  9£2  -  4£3  -  3£4  -  3£5 

2V3(£i  -2£3  +  £5) 
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V3(£i +3£2 -£4 -3£5) 


First  order  approximation 

A„=oA„+A„;  X„=oX„+*X„ 

Here  ^  S  is  the  frequency  error  of  the 

individual  cell  (normally  ^0).  Substitute  5G),  to  the 

equation  one  can  get  new  operating  mode  and  relevant 

phase  93  .  If  the  perturbation  is  very  small,  and 

Z5ffl,.=0  one  still  can  use  unpertuabed  dispersion  curve  to 


approximately  calculate  the  group  velocity  ’ 
-L^=  jLk  tOod+kcos sin  <?>'. 
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When  tuning,  in  order  to  tune  cavity  field  flatness,  ,one  can 
let  all  parts  of  the  eigenvector  are  equal  and  using  symmetry, 

and  then  calculate  the  needed  ,  Practically  it  is  opposite, 

after  tuning  ^/=0  (i=l,2 N-1)  (middle  cells)  and 

^0  “  (end  cells);  i.e.  only  two  end  cells  have 

frequency  error,  in  the  case  the  perturbed  operator  is  simple, 
one  can  directly  solve  the  eigenequation  to  get  eigenvalues 
and  eigenvectors. 

IV.  DISCUSSION 

In  fact  almost  all  superconducting  multi-cell  cavities  are 
terminated  by  full  end  cell,  when  the  half  end  cell  tenninated 
replaced  by  full  end  cell,  the  full  end  cell  only  had  one  side 
coupled,  the  change  of  the  boundary  condition  broke  the 
symmetry,  and  the  field  penetrated  into  two  end  beam  pipes 
to  extend  field  area,  sequentially,  the  field  amplitude  tilted 
from  center  of  the  cavity  to  the  ends,  relevant  phase  shift 
between  cells  decreased  and  the  71  mode  vanished,  the 
highest  mode  was  (N+l);r/(N+2)  (here  N+1  are  total  cell 
numbers  of  the  cavity).  From  perturbation  theory  the 
individual  cell  frequency  error  will  cause  the  operating  mode 
and  its  properties  change,  such  as  phase  shift  and  field 
distribution,  it  was  used  for  tuning  cavity. 

The  cavity  tuning  includes  tuning  middle  individual  cell 

(reduce  frequency  error  ^0  to  eliminate  field  non-uniform 
caused  by  mechanical  tolerance  and  tuning  end  cells  (add 
suitable  frequency  error  Eq  =  =  £^)  to  compensate  the 

field  tilt  caused  by  full  end  cell  terminated  and  move  the 
operating  mode  to  close  "  K  mode”  in  which  the  field  along 
the  axis  of  cavity  is  flatness.  Fig.2  is  the  field  distribution  of 
the  5-cell  cavity  calculated  by  P.  Fernandes  and  R.Parodi 
using  OSCAR2D  code. 


Fig.2  Inner  field  and  axial  field  distribution  of  a  five  cells 
accelerating  structure  calculated  using  OSCAR2D  code 
a)uncompensated,  b)  compensates. 

From  Fig  1  and  Fig  2  one  can  see  the  effects  of  tuning  and 
terminating  on  the  field  distribution  and  phase  shift  (modes). 
In  this  way  after  tuning  2156),- =2  ^0,  the  average 

individual  cell  frequency  (O^  was  changed 

<^0-=  ^0+  ^£0=  and  ^  2«5G),./(N-t-l),  it  means  the 
dispersion  curve  should  parallel  move  up  8(0,  which  also  can 


directly  be  got  by  measuring  the  ^/2  mode  frequency 
The  dispersion  function  and  the  group  velocity  still  can  be 

described  as 

6)^=  6)Q^/(l+kcos  cp') 

’=L  I  Lk  £0o(l+kcos  <p') sin  <)!>' 

In  theoretical  one  can  tune  cavity  with  E56).=0  by  lower 
middle  cell  and  higher  end  cell  frequencies  or  reverse,  it  also 
can  be  checked  by  measuring  6)^.  In  practical  tuning  case 

the  beadpull  was  used  to  check  the  field  amplitude,  when  the 
field  amplitude  along  the  axis  of  the  cavity  is  flat,  the  tuning 
is  done.  After  tuning  with  the  average  single  cell  frequency 

^0,  which  equals  new  ^/2  mode  of  the  tuned  cavity 
(for  256).  =0),  and  coupling  constant  k  which  is  same  as 

unperturbed  k,  one  can  calculate  the  dispersion  curve  and  then 
substitute  the  operating  mode  frequency  measured  (the 
highest  mode)  into  the  dispersion  function  to  calculate  mode 
properties,  such  as  phase  shift  between  cells  and  group 
velocity. 

REFERENCE 

1,  Pierre  M.  Lapostolle  and  Albert  L.  Septier  ’’Linear 
Accelerators"  P71, 1970 

2,  A.  Marziali  and  H,  A.  Schwethman  ”  Structure  tuning 
and  its  effect  on  high  order  modes”.  P707  1992  Linac 
conference. 

3,  B.  D  Wersteg  et.al.  "Structure  Studies  for  an  S-  Band 
linear  Collider”  P516  1992  Linac  Conference. 

4,  D.J.  Laska  "Design  Fertures  of  a  Seven-Cell  High 
gradient  Superconducting  cavity"  1992  Linac  Conference. 

5,  P.  Terwandes  "OSCAR2D  A  computer  code  for  the 
design  of  RF  cavities  and  structures"  P  330  1990  Linac 
Conference. 

6,  T.P  Wangler  "Calculations  for  three  coupled  oscillators- 
Including  eigenvalue  problem,  perturbation  theory  and  losses" 
AT- 1:84-299  LANL 


1616 
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Abstract 

A  technique  to  find  the  transient  cavity  Q  from  transmitted 
power  is  presented.  This  technique  can  facilitate  finding  the  Q 
as  a  function  of  accelerating  electric  field  for  low  power  pulsed 
measurements,  but  it  has  a  special  application  to  analyze  the  ther¬ 
mal  breakdown  behavior  during  high  peak  power  pulsing.  With 
high  power,  in  short  time  scales,  the  fields  in  a  superconducting 
cavity  can  be  driven  well  past  the  CW  breakdown  limit.  With 
knowledge  of  the  Q  during  breakdown,  one  can  show  that  a  large 
fraction  of  the  surface  was  still  superconducting  as  the  cavity 
reached  high  fields.  A  lower  bound  to  the  critical  RF  magnetic 
field  can  then  be  determined. 

Results  of  pulsing  a  1 .3  GHz  Nb  cavity  with  340  kW  for  ISOjtxs 
are  presented.  The  Q  extraction  technique  is  used  to  measure 
a  lower  limit  of  the  range  of  2  K  to  8.3  K  despite  the 

presence  of  a  thermal  defect, 

1.  INTRODUCTION 

As  we  continue  to  push  the  achievable  accelerating  gradients 
in  Nb  cavities,  the  critical  RF  magnetic  field,  will  even¬ 
tually  show  up  as  a  hard  limit.  Improvements  in  Nb  purity  and 
processing  of  field  emission  have  already  advanced  practical  ac¬ 
celerating  gradients  above  the  25  MV/m  level.[l]  How  much 
farther  can  Nb  be  pushed?  When  is  it  time  to  abandon  Nb  in  fa¬ 
vor  of  other  superconductors  such  as  NbsSn  that  have  higher  DC 
critical  fields?  Is  the  Nb3Sn  films  significantly  higher 

than  bulk  Nb? 

The  difficulty  in  answering  these  questions  is  largely  due  to  the 
presence  thermal  defects  that  quench  the  superconductivity  and 
prematurely  limit  the  sustainable  surface  magnetic  field.  In  CW 
operation,  in  addition  to  the  defect’s  particular  characteristics,  the 
quench  field  is  dependent  upon  the  specifics  of  the  steady  state 
heat  transfer.  Thus  improving  the  thermal  conductivity  of  Nb 
serves  to  raise  the  quench  field.  A  small  normal  conducting  “hot 
spot”  can  be  sufficiently  cooled  and  contained  to  avoid  thermal 
runaway.  If  the  cavity  fields  are  raised  above  this  CW  quench 
field,  the  normal  region  grows  to  eventually  encompass  the  cavity, 
but  this  growth  takes  a  finite  amount  of  time. 

With  high  peak  power  pulsing,  the  cavity  fields  can  be  quickly 
raised  well  above  the  CW  quench  field  while  the  normal  region 
is  growing.  To  determine  H/^from  this,  one  must  be  sure  that 
the  cavity  is  still  superconducting  at  the  relevant  high  field  re¬ 
gion.  A  new  technique  is  presented  that  allows  calculation  of 
the  instantaneous  cavity  Q  any  time  during  the  filling  or  decay. 
By  knowing  Q,  one  can  estimate  the  size  of  the  normal  region 
and  ensure  that  if/^is  measured  at  a  superconducting  surface. 
In  the  present  work,  we  use  this  technique  to  measure  a 

1.3  GHz  Nb  cavity  for  temperatures  from  2.1  K  up  to  8.3K. 

In  addition,  since  the  accelerating  field  is  known  at  every  in¬ 
stant,  this  Q  extraction  technique  can  be  used  to  quickly  deter- 

*Work  supported  by  the  NSF  with  supplementary  support  from  the  U.S.-Japan 
Cooperative  Agreement 


mine  Q  vs  Eacc^  Application  in  this  manner  is  the  subject  for 
further  work. 


11.  FINDING  INSTANTANEOUS  CAVITY  Q 

In  what  follows,  the  differential  equation  of  the  cavity  state  is 
derived  and  solved  for  Qo-  Consider  a  cavity  driven  on  resonance 
with  one  coupler.  By  conservation  of  energy  we  can  write 


Pf  —  -h  Pr  + 


dU 
dt  * 


(1) 


where 

Pf  -  forward  power  (toward  the  input  coupler) 

Pdiss  -  cavity  dissipated  power 
Pr  -  reverse  power 
U  =  stored  energy  (inside  the  cavity) 
t  =  time. 

The  only  tricky  part  about  this  expression  is  the  reverse  power 
which  satisfies 


where 

Pe=oyUIQe,t^  (3) 

Qext  is  the  “external”  Q  of  the  coupler. 

Equation  (2)  indicates  that  the  net  reverse  wave  results  from  a 
superposition  of  a  wave  reflected  off  the  input  coupler  and  a  wave 
being  emitted  from  the  cavity.  Substituting  (2)  into  (1)  and  using 


_  (dU 


(4) 


for  the  cavity  losses  and 

for  the  “loaded  Q”  as  well  as  (3)  we  arrive  at  a  differential  equa¬ 
tion  for  stored  energy: 


^-2 

jPfCoU 

coU 

dt  “  V 

'  Qex, 

~~Ql 

(6) 


A  clearer  form  results  when  written  in  terms  of  the  fields  (oc 

where 

(8) 

Siext 

is  the  steady  state  stored  energy. 

Equation  (7)  shows  that  the  cavity  has  a  natural  time  constant 
xi  for  response  and  that  the  field  changes  at  a  rate  proportional 
to  the  displacement  from  its  equilibrium  value. 
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If  the  cavity-coupler  system  had  more  than  one  coupler,  (1) 
would  have  an  additional  term  with  the  form  of  (3)  for  the  emitted 
power  of  each  coupler.  The  only  effect  this  has  on  the  subsequent 
equations  is  to  require  that  the  definition  of  “loaded  Q'’  in  (5) 
have  an  additional  1  /  Qext,k  term  for  each  of  the  k  new  couplers. 

From  (7)  and  (2)  the  time  dependent  cavity  behavior  can  be 
determined  analytically  or  numerically. 

The  above  treatment  gives  U  (t)  from  Qo  (and  other  variables) 
but  to  go  the  other  way,  one  has  only  to  solve  for  Qo  in  (7)  to  get 


Qo  (0>/U  Qext 


Again,  if  there  are  k  additional  couplers,  they  would  show  up 
as  further  If  Qext, k  terms  subtracted  from  the  right  side  of  (9). 

Equation  (9)  is  useful  for  extracting  the  Q(t)  or  the  Q(E)  be¬ 
havior  of  a  cavity  during  pulsed  operation.  And  unlike  previous 
methods  of  getting  Qo(E)  from  a  pulse  that  examined  only  the 
cavity  decay [2],  this  technique  can  be  used  any  time  the  cavity 
has  energy.  This  method  also  improves  over  past  methods  in  that 
it  requires  only  the  instantaneous  values  of  U,  d\pU  fdt,  and  Pf, 
The  cavity’s  history  (or  future)  need  not  be  considered,  and  no 
functional  fits  are  needed. 

Ifthe  cavity  is  grossly  overcoupled  (Qe;c/  ^  Qo)  then  go  plays 

little  role  in  determining  the  shape  of  U  (f).  For  the  overcoupled 
case,  in  order  to  extract  Qo,  U{t)  must  be  known  to  first  order 
within  a  fractional  error  of  QextfQo-  When  Qo  does  have  a 
negligible  contribution,  one  can  take  advantage  of  this  to  extract 
Qext^  When  {Qext  <  2o),  Qext  Can  be  found  by 


1 

V  Qext 


(10) 


where  the  negative  sign  is  used  when  d^U/dt^  is  positive  and 
vice  versa. 


III.  EXPERIMENTAL  APPARATUS 

Cavities  of  the  DESY  shape  (1.3  GHz)  are  tested  using  a  high 
power  klystron  and  modulator  system[3]  capable  of  providing 
1.5  MW  for  270  /xsec.  Currently  input  coupler  limitations  allow 
the  full  1 .5  MW  to  be  used  only  when  the  pulse  length  is  reduced 
to  ~150  /xsec. 

Results  presented  here  are  for  a  single  cell  cavity  made  from 
Russian  Nb  sheets  with  a  starting  RRR  of 460 di  150.  Subsequent 
solid  state  gettering  with  Ti  resulted  in  a  RRR  of  1825  ±  700^ 
Because  the  cavity’s  resonance  was  not  at  the  center  frequency  of 
the  klystron,  the  experimental  results  presented  here  were  limited 
to  a  peak  power  of  1  MW. 

Germanium  thermometers  were  mounted  on  each  beam  tube  to 
monitor  the  cavity  temperature  and  any  thermal  gradient.  Three 
Allen-Bradley  resistor  thermometers  were  mounted  on  the  cav¬ 
ity  equator  to  observe  fast  temperature  changes  as  a  result  of 
pulsing.  Measurements  of  incident  and  transmitted  power  dur¬ 
ing  pulsing  are  made  by  crystal  detectors  monitored  by  an  8-bit 
digital  storage  oscilloscope  (Tektronix  2212).  The  oscilloscope 
traces  are  acquired  and  processed  by  a  Macintosh  computer  run¬ 
ning  Lab  VIEW  software. 

^The  RRR  measurements  were  done  on  small  witness  samples. 


IV.  PULSING  TO  REACH 

It  is  thought  that  equal  to  the  superheating  critical  field, 
Hsh ,  a  metastable  state  above  the  thermodynamic  critical  field, 
74. [4]  Hsh  can  be  achieved  in  RF  because  the  nucleation  time  for 
flux  penetration  is  much  longer  than  an  RF  period.  [5]  The  race  to 
beat  the  growth  of  the  normal  conducting  region  requires  that  the 
cavity  fields  be  ramped  up  to  less  than  100  /xs,  the  faster 

the  better.  To  do  this  a  very  strong  input  coupling  (  Qext  —  10^ 
)  is  used.  Higher  couplings  could  ramp  the  fields  faster  but  that 
would  result  in  too  much  of  a  sacrifice  in  the  measurable  range 
Qo- 

Oscilloscope  traces  of  up  to  1  MW  peak  power  pulses  to  the 
liquid  helium  cooled  Nb  cavity  were  acquired  at  2. 1  K  and  4.2  K. 
By  warming  the  cavity  we  hoped  to  be  able  to  lower  /f/^^enough 
to  come  close  to  it  even  with  the  thermal  breakdown.  To  prepare 
for  warmer  measurements,  the  cavity  was  cooled  with  flowing 
gaseous  helium  at  4.2  K  and  the  fast  pulsed  breakdown  behavior 
was  found  to  be  similar  to  that  of  liquid  cooling.  There  was  the 
worry  that  the  cavity  would  have  a  different  thermal  breakdown 
behavior  due  to  the  inferior  cooling  power  of  the  gas,  but  the 
time  scales  are  so  short  that  the  cold  reservoir  outside  the  cavity 
doesn’t  have  time  to  play  a  large  role  in  the  heat  transfer. 

Bathed  by  flowing  helium  gas,  the  cavity  was  slowly  warmed 
up  to  its  transition  temperature  9.25  K  while  high  peak  power 
pulsed  measurements  were  made  (with  Qext  =  9  x  10^  and  Pf  = 
340  kW).  Two  such  pulses  and  the  extracted  Qo  are  presented  in 
Figure  1 .  At  the  beginning  of  the  pulse,  Qo  is  too  high  to  measure, 
but  as  the  normal  region  grows,  Qo  plummets  until  it  reaches 
the  value  of  a  completely  normal  cavity.  As  the  temperature  is 
raised  from  Figure  1  a)  to  1  b),  the  breakdown  field  is  lower,  and 
Qo  drops  earlier.  Note  that  because  of  the  strong  coupling  and 
high  incident  power,  the  cavity  fields  continue  to  rise  despite  the 
plumetting  Qo.  Since  the  cavity  is  almost  completely  normal 
conducting  at  its  peak  field,  it  is  vital  to  extract  Qo  while  the 
fields  are  rising  to  be  able  to  measure  a  lower  bound  to  with 
confidence. 

At  the  beginning  ofthe  pulses  in  Figure  1,  Qext  was  sucessfully 
extracted  using  Equation  (10).  The  value  thus  obtained  agreed 
well  with  independent  measurements  of  Qext . 

The  8-bit  amplitude  resolution  on  the  oscilloscope  was  the 
most  serious  limitation  to  the  data.  Averaging  was  required  get 
rid  of  a  little  noise  and  to  remove  the  “steps”  caused  by  this 
resolution  limit. 

To  be  positive  that  there  is  a  superconducting  surface  reach¬ 
ing  the  peak  field,  we  claim  the  cavity  must  be  at  least  90%  su¬ 
perconducting.  Since  the  10%  normal  region  occupies  the  area 
around  the  local  defect,  it  is  assured  some  part  of  the  high  field 
equatorial  region  of  the  cavity  is  superconducting. 

A  conservative  calculation  then  dictates  that  Qo  must  be  at 
least  2  X  10^.  Applying  this  criterion  to  the  pulses  measured 
yields  the  data  in  Figure  2.  The  two  lowest  temperature  data 
points  were  acquired  using  liquid  helium  cooling  at  2.1  K  and 
4.2  K  with  higher  peak  power  and  greater  input  coupling.  Be¬ 
cause  the  breakdown  occurred  so  early  in  the  pulse,  testing  the 
cavity  much  above  8.3  K  gave  inconclusive  results. 

For  comparison,  criticial  magnetic  field  curves  for  Nb  are 
also  shown  in  Figure  2.  The  curve  for  Hsh  is  obtained  from 
the  simplistic  assumption  that  Hsh(0)  =  CghHc  with  Csh  =  1.2 
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Figure.  1.  Pulses  to  the  cavity  causing  thermal  breakdown  at 
a)  5.6  K  and  b)  8.3  K.  Peak  forward  power  was  340  kW  for  both 
pulses.  Forward  power  is  shown  with  arbitrary  units. 
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throughout  the  temperature  range.  The  exact  values  are  not  eas¬ 
ily  predicted,  but  because  of  the  temperature  dependence  of  the 
Ginsburg-Landau  parameter  it  is  expected  that  Csh  is  lower  for 
lower  temperatures  and  higher  closer  to  Tc.  One  might  think  that 
it  is  suggestive  that  the  experimental  data  in  Figure  2  also  follows 
this  trend,  but  the  stronger  influence  of  the  thermal  defect  on  the 
lower  temperature  points  is  probably  dominating  the  shape. 

Note  that  these  first  experimental  measurements  are  tentative. 
Improvements  in  the  reliability  of  power  measurements  and  bet¬ 
ter  data  resolution  are  in  progress. 

V.  CONCLUSIONS 

The  new  Qq  extraction  technique  was  successful  in  explor¬ 
ing  high  magnetic  fields  in  a  superconducting  cavity  despite  the 
presence  of  a  thermal  defect.  Measurements  on  Nb  up  to  8.3  K 
are  consistent  with  the  idea  that  the  superheating  criti¬ 

cal  field.  These  measurements  suggest  that  high  magnetic  field 
studies  of  NbsSn  are  feasible  using  this  Qo  extraction  tool. 
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Figure.  2.  Measured  surface  magnetic  fields  on  the  supercon¬ 
ducting  Nb  surface  compared  with  DC  critical  fields[6]  and  a 
reasonable  guess  at  Hsh^ 
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I.  INTRODUCTION 


Higher  Order  Mode  (HOM)  power  excited  in  Superconducting 
Cavities  (SCC)  can  be  on  the  order  of  kW  in  the  B-factory  due 
to  high  current.  To  extract  this  power,  cavities  are  designed  so 
that  HOM  can  travel  out  through  beam  pipes  and  be  absorbed  in 
a  lossy  material  [1].  Ferrite  has  been  investigated  as  a  candidate 
material  for  the  absorber  [2,3].  Due  to  its  low  tensile  strength, 
bonding  of  tiles  has  been  a  problem.  To  solve  this  problem,  we 
started  R&D  on  the  sinter-bonding  of  ferrite  powder  directly  on 
the  inner  surface  of  a  copper  pipe  using  Hot  Isostatic  Press  (HIP). 
In  this  paper,  we  describe  the  manufacturing  process,  low  power 
test,  high  power  test  and  outgassing  rate  measurement  of  the 
manufactured  dampers. 


1  Packing  of  powder  4 

Mechanical  press 


g  Electron  beam  weld 
of  end  flanges 


Figure  1 :  Manufacture  process  of  full  size  damper. 


IL  MANUFACTURING  [4] 

In  the  design  of  the  SCC  for  KEKB,  there  are  two  dampers 
on  up  stream  and  down  stream  side  of  the  cavity.  Their  sizes  of 
ferrite  layer  are  220  mm  and  300  mm  in  outer  diameter,  120  mm 
and  150  mm  in  length,  respectively.  The  thickness  of  both 
dampers  is  4  mm.  The  latest  design  has  25  mm  tapers  at  the 
front  and  rear  end,  starting  with  1  mm-thick  ferrite,  to  lower  the 
surface  temperature  as  will  be  shown  later.  Figure  1  shows  the 
process  of  manufacturing  of  full  size  HOM  damper.  The  process 
is  as  follows  :  1)  pack  ferrite  powder  between  inner  can  and 
outer  copper  pipe  using  mechanical  press,  2)  TIG  weld  cans  and 
lid,  evacuate  and  degas  ferrite  at  300  °C  for  24  h,  3)  chip  off  and 
HIP  with  Ar  at  1500  atm  x  900  °C  for  5  h,  4)  remove  inner  can 
with  lathe,  5)  machine  ferrite  with  diamond  grinder,  6)  electron- 
beam  weld  end  flanges  and  7)  machine  a  cooling  channel  on  the 
outer  surface  of  copper,  then  press-insert  the  copper  pipe  in  the 
channel.  Figure  2  shows  the  finished  damper.  The  problems  we 
have  faced  so  far  are  1)  crack  of  ferrite  when  stainless  steel  ring 
was  mPped  together,  2)  voids  that  appear  after  ferrite  machining 
and  3)  delamination  of  ferrite.  Elimination  of  stainless  steel 
solved  the  first  problem.  The  second  problem  was  solved  by 
raising  HIP  pressure  from  1000  to  1500  atm,  together  with 
lengthening  of  the  degassing  time.  The  third  problem, 
delamination,  has  become  less  by  elimination  of  stainless  steel 
and  raising  HIP  pressure,  but,  still  occurs  sometimes.  We  are 
planning  to  lower  the  ramping 


Figure  2:  HOM  damper  .  Ferrite  size  :  220  mm  o.d,  x  120  mm 
long  X  4  mm  thick.  Cooling  pipe  is  3/8"  copper  pipe  pressed  in 
the  channel. 
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rate  so  that  the  thermal  stress  in  the  ferrite  upon  cooling  down 
can  be  less. 

IIL  LOW  POWER  TEST 

A.  Mode  damping 

Damping  of  each  mode  has  been  measured  using  an 
aluminum  model  cavity  with  a  network  analyzer  [5].  Figure  3 
shows  the  comparison  between  the  cavities  with  HOM  damper 
and  without  it.  As  shown  in  the  figure,  most  modes  were 
successfully  damped.  Detailed  check  of  each  mode  is  under 
way. 


Figure  3:  Mode  damping  with  ferrite  (lower).  0.5  - 1.2  GHz. 


B,  Loss  factor  of  ferrite  pipe 

Loss  factor  of  ferrite  pipe  alone  has  been  measured  by  a 
wire  method,  so-called  synthetic  pulse  method  [6].  3  mm-diam. 
inner  conductor  was  set  on  the  central  axis,  then  loss  factor  was 
calculated  by  comparing  the  inversely  Fourier  transformed  S21 
data  of  the  pipes  with  and  without  damper.  Figure  4  shows  the 
measured  loss  factor  of  small  damper  (220  mm  o.d.  x  120  mm 
long)  as  a  function  of  bunch  length.  The  data  for  the  bunch 
length  shorter  than  1 1  mm  is  not  accurate  due  to  strong  reflection 
for  the  frequencies  corresponding  to  these  data. 


0  5  10  15  20  25  30 

Bunch  length  (mm) 

Figure  4:  Loss  factor  of  small  damper  ( 220  mm  o.d.  x  120  mm 
long  X  4  mm  thick  ferrite). 


IV.  HIGH  POWER  TEST 

We  have  performed  2  types  of  high  power  test  as  shown 
below.  In  both  types,  tests  were  performed  in  air. 

A.  TMOl  mode  at  2.45  GHz 

Using  the  smaller  diameter  model,  TMOl  mode  high 
power  test  was  performed.  The  ferrite  size  was  109  mm  o.d.  x 
150  mm  long  x  4  mm  thick.  A  2.45  GHz  c.w.  magnetron  power 
source  (5  kW)  was  used.  The  inner  surface  temperature 
distribution  of  ferrite  was  measured  with  thermo-labels  ,  i.e., 
whose  white  spots  change  into  black  at  specified  temperatures. 
We  tried  3  shapes,  without  taper  and  2  types  of  tapers  as  shown 
in  Fig.  5.  The  max.  absorbed  power  was  3.95  kW  and  average 
power  density  was  8.3  W/cm^.  Assuming  the  exponential  decay 
of  power,  the  estimated  max  power  density  was  about  29  W/cnf 
at  the  leading  edge  of  the  ferrite.  Figure  5  also  shows  the 
temperature  distribution.  As  shown  in  the  figure,  introducing  a 
taper  was  proved  to  be  effective  to  reduce  the  surface  temperature, 
which  is  important  to  reduce  outgas  from  ferrite.  Cooling  water 
flow  rate  was  3  1/min. 


Points  of  temp,  measurement 


0  50  100  150 

Distance  from  generator  side  (mm) 

Figure  5:  Tapers  used  in  the  test  (above)  and  ferrite  surface 
temperature  distribution. 

B.  Coaxial  line  at  508  MHz 

To  test  power  handling  capability  of  full  size  damper,  we 
started  using  coaxial  line  with  508  MHz  Klystron.  We  have 
tested  2  dampers,  both  small  and  large,  so  far.  Small  one  was 
tested  up  to  an  absorbed  power  of  1 1 .7  kW  and  the  average  power 
density  was  14.6  W/cm^.  Temperature  distribution  along  the 
pipe  axis  was  rather  flat  and  the  max.  temperature  was  140  - 149 
°C  at  10.4 1/min  of  cooling  water  flow. 

Large  damper  was  tested  up  to  14.8  kW  and  the  average 
power  density  was  10.8  W/cm^.  The  surface  temperature  was 
lowered  with  the  power  density. 

In  both  tests,  there  was  no  damage  on  the  ferrite.  In  the 
next  tests,  higher  power  will  be  fed  to  know  the  limit  power  if 
possible. 
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Figure  6:  Outgassing  rate  of  large  damper.  The  data  except  for  solid  squares  were  taken  from  the  same  damper.  #6L1  is  the 
damper  that  was  recently  HIPped  after  improvement  of  powder  degassing.  The  effects  of  exposure  to  and  air  are  also  shown. 


V.  OUTGAS  RATE 

Vacuum  in  the  KEKB  should  be  lower  than  1  x  IQ^  Torr 
to  get  sufficient  beam  life  time.  Also,  for  SCC,  since  the 
condensed  gas  on  the  Nb  surface  seems  to  play  a  significant  role 
on  the  trips,  the  outgassing  rate  from  HOM  dampers  should  be 
low  enough  not  to  cause  any  problem.  The  vacuum  before 
cooling  down  should  be  at  least  1x10’^  Torr, 

A.  Sample  test 

Outgas  rate  of  commercial  ferrite  tile  (80  mm  x  80  mm  x 
4  mm),  TDK  IB-004,  was  measured  to  be  about  5  x  10”  Torr  1/ 
scm^  at  room  temperature  after  140°C  x  25  h  bake  [5]. 

B,  Full  size  damper 

Full  size  dampers  have  been  measured  with  through-put 
method,  i.e.  the  pressure  difference  between  the  ferrite  chamber 
and  the  pump  chamber  was  multiplied  with  the  given  conductance 
to  obtain  the  outgassing  rate  [4,5].  Figure  6  shows  the  results  of 
large  damper.  The  ferrite  area  of  large  damper  is  about  1380 
cm^.  As  shown  with  solid  circles,  the  outgassing  rate  was  more 
than  an  order  of  magnitude  higher  than  the  sample  result  even 
after  more  than  one  month  of  baking.  However,  once  it  is  baked, 
it  can  reach  the  final  rate  in  a  few  days  after  3  h  of  air  exposure. 
From  the  fact  that  the  major  gas  species  was  water  and  that  the 
adsorbed  gas  on  the  surface  can  be  easily  removed,  it  was 
concluded  that  the  gas  source  was  the  trapped  water  vapor  in  the 
ferrite.  Recently,  we  tried  to  degas  the  powder  at  about  300  °C 
in  dry  nitrogen  gas  before  packing.  The  solid  square  in  Fig.  6 
shows  the  result  of  the  powder-degassed  damper.  As  one  can 
see,  the  outgassing  rate  before  baking  was  lowered  about  an  order 
of  magnitude.  With  this  outgassing  rate,  we  can  probably  reach 
a  vacuum  lower  than  1  x  Torr  before  cool  down  with  a  pump 
having  effective  pumping  speed  of  100 1/s. 


VL  CONCLUSIONS 

HOM  damper  has  been  manufactured  by  HIPping  of 
ferrite  powder  on  copper.  The  small  and  large  dampers  were 
high  power  tested  with  508  MHz  coaxial  line  up  to  1 1.7  kW  and 
14.8  kW,  respectively.  There  was  no  damage  on  the  ferrite.  The 
outgassing  rate  can  be  sufficiently  low  to  obtain  a  pressure  lower 
than  1x10'®  Torr  before  cooling  down  of  SCC. 

A  beam  test  of  large  damper  as  well  as  1.3  GHz  TMOl 
mode  high  power  test  in  vacuum  will  be  performed  soon. 

ACKNOWLEDGMENTS 

We  would  like  to  thank  Y.  Funahashi  for  EB  welding  the 
flanges  of  dampers.  Continuous  encouragements  of  E.  Ezura, 
Y.  Kimura,  Y.  Kojima  and  S.  Kurokawa  are  greatly  appreciated. 

REFERENCES 

[1]  J.  Kirchgessner  ;  Proc.  6th  Workshop  on  RF 
Superconductivity,  p.  331  (1993). 

[2]  T.  Tajima  et  al. ;  ibid.  [1],  p.  962, 1160 

[3]  D.  Moffat  et  al.  ;  Workshop  on  Microwave-Absorbing 
Materials  for  Accelerators,  Feb.  22-24, 1993. 

[4]  T.  Tajima  et  al. ;  to  be  published. 

[5]  T.  Tajima  et  al. ;  ibid.  [3].  KEK  Preprint  93  -  6. 

[6]  M.  Izawa  et  al.  ;  Rev.  Sci.  Instrum.  63 , 363  (1992). 


1622 


Microscopic  examination  of  defects  located  by  thermometry  in  1.5  GHz 
superconducting  niobium  cavities* 

J.  Knobloch,  R.  Durand,  H.  Muller  and  H.  Padamsee 
F.R.  Newman  Laboratory  of  Nuclear  Studies,  Cornell  University,  Ithaca  NY  14853 


Abstract 

A  new  high  resolution,  high  speed  thermometry  system 
has  been  built  at  Cornell  to  permit  the  study  of  anomalous  loss 
regions  in  1.5  GHz  superconducting  Nb  cavities  in  superfluid 
He.  Following  a  cavity  test,  the  cavity  is  dissected  for  exami¬ 
nation  of  these  regions  in  an  electron  microscope.  Presented 
is  a  survey  of  the  topographical  and  elemental  characteristics 
of  various  defects  found  so  far.  Included  are  field  emitters 
which  were  known  to  be  active  at  the  end  of  a  cavity  test,  as 
well  as  those  which  processed. 

1.  INTRODUCTION 

In  present  day  Nb  cavities  the  surface  magnetic  fields 
achieved  still  fall  far  short  of  those  theoretically  attainable. 
The  maximum  field  possible  is  believed  to  be  the  superheating 
rf  field  (2300  Oe  @  1.6  K)  [1].  In  practice,  though,  one  finds 
that  the  cavity  Quality  (0  already  begins  to  drop  between  300 
and  1000  Oe. 

Several  mechanisms  responsible  for  anomalous  power 
dissipation  at  these  fields  have  been  identified.  Presently,  the 
most  common  ones  are  dielectric/magnetic  losses  (thermal  de¬ 
fects)  [2]  and  field  emission  (FE)  [3].  Both  mechanisms  can 
be  attributed  to  microscopic  defects  present  on  the  inner  cavity 
wall. 

To  better  understand  the  nature  of  the  defects  we  have 
begun  to  search  for  these,  using  thermometry  [2]  as  a  guide. 
We  catalogue  their  heating  characteristics  and  after  cavity 
tests  dissect  the  cavities  to  undertake  a  microscopic  and  ele¬ 
mental  examination  of  the  defects. 

II.  EXPERIMENTAL  SETUP 

To  facilitate  the  search  a  new  thermometry  system  was 
developed,  whose  details  have  been  discussed  elsewhere  [4]. 
It  is  designed  for  L-Band  cavities  operating  in  superfluid  He  at 
1.6  K.  Its  essence  is  an  array  of  756  specially  prepared  carbon 
thermometers  pressed  against  the  outer  cavity  wall.  A  map  at 
a  resolution  of  0.25  mK  takes  about  1/10  s  to  acquire. 
Increasing  the  acquisition  time  to  2.5  s  permits  us  to  resolve 
30  |iK  signals.  This  is  a  marked  improvement  over  previous 
systems  which  either  were  very  slow,  requiring  several  tens  of 
minutes  for  an  acquisition,  or  were  unable  to  detect  signals 
below  5  mK. 

After  the  tests,  cavities  that  have  interesting  sites  are  cut 
apart.  During  the  cutting  process  the  interior  of  the  cavity  is 
pressurized  with  filtered  N2  gas,  thereby  minimizing  dust 
contamination.  Cuts  are  made  along  the  beam  tubes  (^^  2.5  cm 
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from  the  iris)  and  along  the  equator  using  two  sizes  of  conven¬ 
tional  pipe  cutters.  The  entire  cutting  process  is  carried  out  in 
a  class  100  clean  room. 

The  chamber  of  an  electron  microscope  (SEM)  has  been 
enlarged  to  permit  the  examination  of  the  half  cells.  We  have 
been  able  to  show  that  thermometry  data  is  a  useful  guide  to 
locating  defects  in  the  SEM.  The  defects’  elemental  composi¬ 
tion  is  also  studied  by  energy  dispersive  x-ray  analysis. 

The  heating  due  to  thermal  defects  occurs  directly  at  the 
defect  site.  On  the  other  hand,  field  emitters  are  more  difficult 
to  pinpoint.  Generally  one  detects  the  power  deposited  by  ac¬ 
celerated  FE  electrons  impacting  with  other  parts  of  the  cavity 
wall.  In  that  case  we  revert  to  trajectory  calculations  using  the 
program  “MULTIP”  to  determine  the  emitter  location  [5]. 

III.  MEASUREMENTS 


Figures  la  &  lb:  FE  heating  measured  for  sites  which  a)  didn’t 
process  (shown  in  fig.  2b),  b)  processed  in  the  rf  field  (shown 
in  fig.  2c)  and  c)  He  processed  (shown  in  fig.  2d).  The  heating 
is  plotted  vs.  the  electric  field  squared  so  that  background 
heating  in  the  absence  of  FE  is  linear. 

All  of  the  cavities  discussed  here  had  been  tested  in  the 
past.  For  the  most  recent  test  all  but  one  (LEl-Hereaus)  were 
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chemically  etched  with  BCP  1:1:2  for  3  minutes.  This  was 
followed  by  rinsing  the  cavity  with  continuous  flow  deionized 
water  for  at  least  2  hours  prior  to  drying  with  warm  filtered  N2 
gas.  LEl-Hereaus  was  only  cleaned  with  DI  water  in  con¬ 
junction  with  ultrasonic  agitation. 

During  the  tests  the  cavity  fields  were  increased  while 
measuring  the  cavity  Q  and  temperature  distributions  at  regu¬ 
lar  intervals.  In  one  case  an  emitter  rf  processed  [6],  that  is, 
upon  raising  the  field  beyond  a  threshold,  the  emitter’s  heating 
was  permanently  extinguished,  (see  fig.  la). 

In  another  case,  the  maximum  power  dissipated  in  the 
cavity  was  8  W,  most  of  which  was  absorbed  by  a  single  emit¬ 
ter.  Subsequently  He  processing  [7]  was  successfully  per¬ 
formed  on  the  cavity  resulting  in  the  elimination  of  the  emitter 
(fig.  lb). 

rV.  RESULTS  &  DISCUSSION 

On  average  we  found  the  temperature  signals  of  two  or 
three  FE  sites  in  each  cavity.  LEl-Hereaus,  which  had  far 
more,  was  the  exception.  This  was  not  surprising,  considering 
this  cavity  had  not  been  etched  prior  to  the  test. 

Of  the  nine  FE  sites  studied  in  greater  detail,  six  were  lo¬ 
cated  in  the  bottom  halves  of  the  cavities.  This  observation 
supports  the  notion  that  emitters  are  primarily  caused  by 
foreign  particles,  accumulating  at  the  bottom  due  to  gravity. 

In  two  cases  a  microscopic  search  of  an  area  ±1  cm  and 
±10"  centered  on  the  predicted  emitter  location  failed  to  turn 
up  any  defects  that  were  indicative  of  FE  (discussed  later). 

In  the  remaining  seven  cases  we  found  defects  displaying 
definite  signs  of  FE  within  at  most  a  2-3  mm  radius  of  the 
predicted  emitter  location.  Table  1  summarizes  these. 
Frequently  we  also  searched  the  surrounding  area.  Although 
occasionally  we  did  find  micron  sized  particles,  these  did  not 
show  any  signs  that  FE  had  occurred  and  could  easily  be  re¬ 
moved  by  high  pressure  N2  gas,  whereas  the  FE  sites  remained 
anchored  to  the  cavity  surface. 


Table  1:  Summary  of  the  emission  sites  for  which  microscopic 
defects  could  be  correlated  with  the  thermometry  signals. 


# 

Melting/Craters 
Present  ? 

Star- 

burst? 

Pro¬ 

cessed? 

Contami¬ 

nants 

Fig. 

1 

Minimal  Melt. 

No 

No 

Fe,Cr 

2a 

2 

Melting 

No 

No 

In,Al 

None 

3 

Minimal 

No 

No 

C,0,Fe,Ni, 

None 

Cratering 

Cr,Ti,Ca,Br 

4 

Min.  Cratering 

Yes 

No 

None 

None 

5 

Severe  Melting 

Yes 

No 

C,0,C1,  Ti 

2b 

6 

Significant 

Yes 

Yes 

C 

2c 

7 

Very  Severe 

Yes 

w/He 

None 

2d 

Cataloging  field  emitters 

The  defects  listed  above  can  be  categorized  as  follows: 

A)  Three  unprocessed  FE  sites  (entries  1-3)  consisted  of 
foreign  particles  a  few  lO’s  of  \im  in  size  which  had  been  par¬ 
tially  melted.  Fig.  2a  shows  an  example  of  such  a  defect. 
Note  the  molten  region  which  is  magnified  in  the  inset. 


B)  In  two  unprocessed  cases  (entries  4  &  5)  we  found 
regions  of  limited  cratering  surrounded  by  a  large  area 
(diameter  =  500  |Lim)  of  reduced  secondary  electron  emission 
coefficient.  This  feature  has  been  observed  in  the  past  [3], [8] 
and  is  known  as  a  starburst  because  of  its  dark  star  shaped  ap¬ 
pearance  in  the  SEM.  In  the  case  of  entry  5,  we  also  found  a 
large  (70  \im)  foreign  particle  which  had  melted  to  a  large  ex¬ 
tent  (see  fig.  2b) 

O  At  the  location  of  the  rf  processed  emitter  (entry  6) 
we  found  an  irregularly  shaped  starburst  surrounding  a  region 
of  significant  cratering  and  melting  (see  fig.  2c)  Some  rem¬ 
nants  of  a  foreign  particle  (carbon)  existed  as  well. 

D)  The  helium  processed  emitter  (entry  7)  had  a  very 
regularly  shaped  starburst  (see  fig,  2d).  No  foreign  elements 
were  detected  at  the  center  which  consisted  entirely  of 
severely  molten  Nb  surrounded  by  some  cratering. 

Progression  of  field  emission: 

These  results  suggest  the  following  scenario  for  the  pro¬ 
gression  of  FE: 

1.  At  sufficiently  low  current  densities  the  FE  process  is 
insufficient  to  alter  the  appearance  of  the  emitter.  This  ex¬ 
plains  why  we  were  unable  to  find  some  field  emitters  in  the 
microscope. 

2.  As  the  electric  field  is  increased,  the  FE  current  density 
rises  locally  to  values  sufficient  to  melt  parts  of  the  site  (fig. 
2a).  FE  may  perhaps  occur  at  several  points  on  the  defect  si¬ 
multaneously,  so  that  the  melting  process  doesn't  noticeably 
affect  the  defect’s  collective  FE  characteristics. 

3.  Further  field  increases  result  in  extreme  heating 
(ultimately  leading  to  a  local  explosive  event).  A  plasma 
builds  up,  which  is  fueled  by  desorption/evaporation  of  one  or 
more  of  the  local  emitters.  Through  a  cleaning  action  of  the 
plasma,  a  starburst  is  produced  [8]  (fig.  2b).  Neighboring 
emitters  may  still  be  in  the  first  two  stages,  so  that  again  the 
overall  FE  characteristics  of  the  defect  are  only  little  changed. 

4.  Finally,  the  plasma  itself  results  in  significant  heating 
over  a  region  encompassing  a  large  portion  of  the  defect. 
Once  a  critical  temperature  is  exceeded  the  entire  defect  pro¬ 
cesses  (fig,  2c),  The  emitter  in  fig.  2b  was  perhaps  just  before 
this  stage.  Of  particular  note  is  the  fact  that  almost  the  entire 
defect  seems  to  have  melted. 

The  new  evidence  presented  here  supports  that  the  plasma 
production  is  not  simply  the  result  of  a  defect’s  processing 
event.  Rather  it  is  the  heating  by  the  plasma  that  is  essential 
to  its  extinction.  The  heating  by  the  FE  current  alone  may  not 
be  sufficient. 

The  He  processed  emitter  evidence  tends  to  support  this 
notion.  The  He  provides  the  ’fuel’  to  enhance  the  plasma, 
thereby  permitting  the  defect  to  process  at  lower  field  levels 
than  would  ordinarily  be  possible. 

This  scenario,  of  course,  is  speculative  and  we  are  cur¬ 
rently  running  simulations  to  test  our  hypothesis.  Further 
cavity  tests  will  be  carried  out  to  yield  more  statistics. 
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Figures  2a  -  2d:  Examples  of  FE  defects  found  for  the  four 
cases  A  -  D  discussed  in  the  text.  It  is  speculated  that  these 
figures  represent  a  natural  progression  in  FE,  ultimately  lead¬ 
ing  to  the  processing  of  a  defect.  The  insets  are  magnifica¬ 
tions  of  the  areas  in  the  rectangles. 


Other  Observations: 

1.  We  found  a  thermal  defect  (fig.  3),  which  at  higher 
field  levels  could  have  lead  to  thermal  breakdown.  The  cop¬ 
per  particle  at  that  location  could  not  be  removed  by  high 
pressure  solid  CO 2  cleaning.  Parts  of  it  seem  to  have  melted, 
which  may  explain  why  the  particle  was  so  firmly  attached. 
Calculations  [9]  indicate  that  melting  was  possible  at  the  fields 
attained,  provided  the  particle  was  thermally  isolated. 


Figures  3a  &  3b:  A  thermal  defect  (copper) 

2.  Comparison  with  other  experiments  show  that  the  av¬ 
erage  starburst  size  scales  inversely  with  frequency  between 
1.5  and  5.8  GHz.  If  starbursts  are  produced  during  half  an  rf 
cycle,  while  FE  is  active,  we  find  that  an  expansion  velocity  of 

m/s  is  required.  This  is  consistent  with  the  expansion  of 
electrons  thermally  emitted  from  plasmas  observed  during 
explosive  DC  FE  [10].  Perhaps  such  electrons  are  responsible 
for  the  starburst  production. 

3.  Generally,  cavities  were  FE  free  until  a  threshold  field 
was  exceeded,  resulting  in  the  irreversible  activation  of  at 
least  one  field  emitter.  Room  temperature  cycling  of  the  cav¬ 
ity  did  not  deactivate  these.  This  observation  seems  to  be  at 
odds  with  the  use  of  the  "'tip-on-tip''  model  [11]  to  explain  FE. 

4.  The  main  contaminants  in  emitters  were  C,  Fe,  Cr  and 
Ti,  which  probably  came  from  assembly  tools  and  the  ion 
pump.  Steps  are  being  taken  to  modify  the  pump  system. 
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I.  ABSTRACT 

The  existing  NSLS  X-ray  Lithography  Source  (XLS  Phase  I) 
is  being  considered  for  a  coherent  synchrotron  radiation 
source.  The  existing  211  MHz  warm  cavity  will  be  replaced 
with  a  5-cell  2856  MHz  superconducting  RF  cavity,  driven  by 
a  series  of  2  kW  klystrons.  The  RF  system  will  provide  a  total 
Vrf  of  1.5  MV  to  produce  Gl  =  0.3  mm  electron  bunches  at  an 
energy  of  150  MeV.  Superconducting  technology 
significantly  reduces  the  required  space  and  power  needed  to 
achieve  the  higher  voltage.  It  is  the  purpose  of  this  paper  to 
describe  the  superconducting  RF  system  and  cavity,  power 
requirements,  and  cavity  design  parameters  such  as  input 
coupling.  Quality  Factor,  and  Higher  Order  Modes. 

II.  INTRODUCTION 

The  XLS  Phase  I  storage  ring  is  a  compact  racetrack-shaped 
ring  at  the  National  Synchrotron  Light  Source  of  Brookhaven 
National  Laboratory.  LFsing  a  warm  211  MHz  RF  cavity, 
currents  of  up  to  0.75  A  in  6  bunches  have  previously  been 
stored  at  energies  ranging  from  120  to  200  MeV.  Installation 
of  a  5-cell  2856  MHz  superconducting  cavity  will  provide  an 
accelerating  voltage  of  1,5  MV  for  an  average  current  of  up  to 
5  mA,  and  create  a  source  of  coherent  synchrotron  radiation 
with  0.3  mm  bunches  at  an  energy  of  150  MeV  [1].  In  order 
to  accommodate  the  cavity,  cryostat  and  helium  vessel,  and 
other  associated  hardware,  the  circumference  of  the  ring  can 
be  increased  to  ~  9.66  from  the  present  8.5  m  by  adding  a 
short  straight  section  on  both  sides,  keeping  modification  costs 
to  a  minimum.  A  partial  list  of  the  ring  and  RF  parameters  is 
presented  in  Table  1. 


capital  cost  of  a  closed  cycle  system  [Figure  1].  Initially,  the 
cryostat  will  be  filled  with  normal  helium;  the  2°  K  operating 
temperature  will  be  achieved  through  cryo-pumping. 
Although  it  is  rather  large,  the  “top-filled”  cryostat  is  relatively 
easy  to  operate  and  is  capable  of  supplying  enough  helium  for 
8  continuous  hours  of  operation.  The  main  difficulties 
foreseen  are  with  the  assembly  sequences.  The  RF  cavity  will 
have  protective  windows  and  valves  as  safeguards  after 
cleaning. 
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Table  1 .  Proposed  Ring  and  RF  Parameters 
Energy,  E  150 

Circumference  9.66 

Momentum  Compaction,  a  0.322 

Energy  Loss  per  Turn,  Uq  74 

Beam  Current,  Iav  5 

RF  Frequency  2856 

Peak  Cavity  Voltage,  Vcav  1  -5 

Rsh/Q  240 

Unloaded  Quality  Factor,  Qo  10^ 

Synchronous  phase,  Ty  89.997 

Prad  =  IavUo  370 

PcAv  =  V^  /  2Rsho  4.69 

P  =  pRAD  /  PcAV _  0.2 


degrees 

mW 

Watts 


III.  CRYOGENICS 

The  system  will  use  a  helium  reservoir,  operating  at  2°  K, 
rather  than  circulating  refrigeration  because  of  the  high  initial 


Figure  1.  Superconducting  Cavity  and  Helium  Reservoir 

IV.  CAVITY  DESIGN 

The  cavity  design  [Figure  2]  is  being  adapted  and  scaled  from 
that  currently  in  use  at  Cornell  and  CEBAF  [2,3,4],  including 
the  input  waveguide  and  the  HOM  couplers.  There  are  5 
elliptical  cells  operating  in  the  n  mode.  Scaling  of  CEBAF 
results  to  a  2856  MHz  cavity  indicates  that  a  gradient  of  8.9 
MV/m  is  achievable.  With  an  active  length  of  0.262  m,  a  peak 
cavity  voltage,  Vcav  of  2.3  MV  can  be  reached,  which  is  50% 
greater  than  specified.  The  order  of  magnitude  of  the 
unloaded  quality  factor  Qo,  is  approximately  10^. 

A.  Input  Coupling 

As  in  the  CEBAF  design,  RF  power  is  propagated  in  the  TEio 
mode  through  a  rectangular  waveguide.  A  hole  in  the  broad 
wall  of  the  waveguide  that  is  aligned  with  the  beam  tube, 
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provides  coupling  to  the  accelerating  cavity.  The  waveguide 
continues  past  the  coupling  hole,  into  a  shorted  stub  whose 
length  can  be  varied  to  change  the  standing  wave  pattern  at  the 
coupling  aperture  and  whose  width  is  reduced  to  aid  in 
damping  of  certain  HOMs  [2].  This  method  of  coupling  will 
provide  a  Qext  in  the  range  of  to  10^. 


Figure  2.  2856  MHz  niobium  cavity  indicating  input 

waveguide,  HOM  couplers,  and  tuning  mechanism. 

B,  Tuning 

The  cells  will  be  tuned  at  room  temperature  by  inelastically 
stretching  or  compressing  the  cells  axially  with  plates  that  grip 
the  equatorial  region  as  illustrated  in  Figure  2.  Compensation 
will  be  made  for  frequency  shift  due  to  thermal  contraction, 
chemical  treatment,  pressure  differential,  and  dielectric 
constant  differential. 

V.  HIGHER  ORDER  MODES 


The  limited  diameter  of  the  beam  pipe  aperture  at  the  cavity 
and  space  constraints  for  heat  removal,  will  not  allow 
placement  of  RF  absorbing  ferrite  material  inside  the  pipe  as 
is  used  at  MIT-Bates  [5].  Therefore,  as  in  CEBAF, 
rectangular  waveguide  ports  at  the  opposite  end  from  the  input 
port  serve  as  two  right  angle  HOM  couplers.  The  HOM 
coupler  includes  a  shorted  stub  that  assists  in  the  control  of 
mode  polarization. 


B.  HOM  Power 


The  typical  Qext  obtained  by  HOM  couplers  is  in  the  10"^ 
range  [6].  These  findings  are  corroborated  by  the  HOM 
measurements  made  by  CEBAF.  In  order  to  reduce  the 
consumption  of  liquid  helium  and  to  keep  the  time  between 
fills  at  a  maximum,  plans  call  for  the  HOM  couplers  to  be 
terminated  in  helium  gas  -  within  the  reservoir  but  above  the 
level  of  the  liquid. 


HOM  power  calculations  were  made  by  placing  each  of  the 
modes  on  the  nearest  unstable  sideband  of  a  rotation  line. 
Using  the  relationship 


^HOM  “ 


2^e 

V2 


n2 


R, 


with  a  bunch  length,  of  1.6e-12  s,  and  an  average  beam 
current  of  5  mA,  the  sum  of  the  maximum  power  deposited  by 
monopoles  is  <  4  W,  and  by  dipoles  <  5  W  (0.25  cm  off-axis). 
Based  on  CEBAF’ s  experience,  the  actual  power  coupled  from 
the  HOMs  is  expected  to  be  much  less  than  maximum. 


VI.  RF  POWER  SOURCE  REQUIREMENTS 


A.  Mode  Damping 

In  such  high  Q  factor  structures  as  superconducting  cavities 
which  store  energy  so  effectively,  it  is  particularly  important  to 
damp  beam-induced  HOMs.  A  summary  of  monopole  TM 
modes  below  the  URMEL-calculated  cutoff  of  6245  MHz,  and 
dipole  modes  below  the  URMEL-calculated  TE  cutoff  of  4628 
MHz  is  presented  in  Table  2. 


Table  2.  HOMs  as  calculated  by  URMEL 


Monopoles 

[MHz] 

R/Q 

(Q) 

Dipoles 

[MHz] 

R/Q 

(£2  at  Ro) 

2834.54 

243.26 

3320.47 

0.32 

5201.39 

0.01 

3392.72 

0.96 

5239.93 

1.89 

3501.47 

19.82 

5300.34 

0.10 

3629.86 

73.31 

5381.47 

13.59 

3787.95 

39.96 

5474.68 

54.88 

3819.17 

0.26 

5587.89 

0.06 

3972.62 

18.70 

5680.19 

7.56 

4006.32 

28.80 

5764.53 

0.12 

4024.02 

4.38 

5818.99 

0.92 

4025.61 

4.16 

5852.78 

0.07 

Sizing  of  the  RF  power  source  for  the  superconducting  cavity 
is  not  an  obvious  choice.  From  Table  1,  Rsho  =  R/Q  x  Q  =  2.4 
X  10^^  Q,  Prad  +  PcAV  =  5.8  W,  and  Preactive  =  Vcav  x  Iav  = 
7.5  kW. 


Figure  3.  Equivalent  Circuit  Model  of  the  RF  System 

The  equivalent  circuit  of  the  RF  system  [7]  is  illustrated  in 
Figure  3,  where  Is  is  the  forward  source  current  from  the 
klystron,  and  Ip  is  the  reflected  current  which  is  dissipated 
through  Port  D  into  a  dummy  load. 
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The  size  of  the  power  source  assumes  that  no  fast  tuner  is 
required  and  that  klystron  power  and  phase  are  adjusted  to 
compensate  for  beam  loading.  Obviously,  the  majority  of  the 
forward  power  is  reflected  and  absorbed  by  the  waster  load  of 
the  circulator  that  has  the  added  advantage  of  reducing  Ql, 
thereby  increasing  the  loaded  bandwidth,  Bl.  The  amount  of 
“de-Q-ing”  is  dependent  on  the  transformer  ratio  N,  the 
coupling  transmission  ratio  between  the  waveguide  and  the 
cavity.  From  [7]  and  [8],  if  the  cavity  structure  is  left  on 
resonance,  Ps  can  be  expressed  as 


TAV 


2Z„N 


where  Ib  is  2  Iav  and  N  is  the  coupling  transformer  ratio.  It  is 
assumed  that  the  coupling  factor,  [3  =  Rsh  /  (N^  Zq)  »  10. 
From  this  equation,  an  optimum  value  of  N  for  a  minimum  Ps 
can  be  calculated.  Once  N  is  selected,  the  following 
observations  can  be  made: 

a)  The  reactive  component  of  the  generated  voltage  to 
compensate  for  beam  is  equal  to  but  in  quadrature  with 
the  accelerating  voltage. 

b)  The  power  variation  from  zero  to  full  beam  is  2:1,  while 
the  incident  voltage  phase  shift  is  45°. 

c)  The  maximum  Ps  required  is  half  the  reactive  beam  power 
loading. 

If  N  »  Ncridcah  the  beam  induced  reactive  component  requires 
excessive  compensating  generator  power.  If  N  «  Ncnticab  the 
generator  power  required  to  establish  the  accelerating  field  is 
excessive. 


- Detuned  for  full  beam  -----  -Tuned  for  zero  beam  - Detuned  for  half  beam 


Iav|  X  2  [mA] 


Figure  4.  Klystron  power  required  vs  beam  current 

For  VcAv  =1-5  MV  and  Iav  =  5  mA,  Ncritical  =  6.9  x  10"^  and 
N  =  1.7  X  10^  at  Ps[niinimum]  •  Under  these  conditions,  the 
required  Ps  =  1.875  kW  at  Ib  =  0,  and  increases  to  3.75  kW  at 
Ib  =  10  mA.  The  corresponding  =  6.25  x  10^,  and  Bl  = 
4.57  kHz.  Ps  vs  Ib  is  illustrated  in  Figure  4. 


If  the  cavity  is  detuned  for  the  full  beam  reactive  power  prior 
to  injection  with  the  same  coupling  factor,  Ps  =  1.875  kW  at 
Ib  =  10  mA.  However,  at  Ib  =  0,  Ps  =  3.75  kW  if  Vcav  =  1.5 
MV  is  to  remain  constant.  Furthermore,  if  the  cavity  detune  is 
preset  to  compensate  for  HALF  of  the  full  beam  reactive 
power,  the  generator  would  be  required  to  deliver  2,34  kW  at 


Ib  =  0  and  Ib  =  10  mA,  with  a  minimum  of  1 .875  kW  at  Ib  =  5 
mA.  These  3  detuning  scenarios  are  illustrated  in  Figure  4. 
Further  reduction  of  Ps  is  possible  if  the  requirement  of  Vcav 
=  1.5  MV  is  relaxed  at  Ib  =  0.  In  that  case,  detuning  could  be 
set  to  compensate  for  a  value  >  0.5  Preactive. 

The  most  convenient  klystron  package  available  is  2  kW. 
Although  easily  obtainable,  these  units  have  a  long  lead  time 
and  it  seems  appropriate  to  buy  2  units  for  a  total  combined 
power  source  of  4  kW.  This  will  provide  adequate  power  and 
at  the  same  time  build  flexibility  into  the  system.  If  higher 
currents  are  required,  the  system  could  be  easily  expanded. 
Also,  if  one  unit  should  fail,  the  other  could  supply  enough 
power  for  nearly  full  current.  This  could  be  accomplished 
with  a  combination  of  coupling  modification,  presetting  the 
cavity  tune  [Figure  4],  or  relaxation  of  the  gap  voltage  at 
injection.  Suitable  modifications  must  be  made  to  the  klystron 
power  and  phase  during  injection. 

VIL  CONCLUSION 

The  design  parameters  and  behavior  of  a  2856  MHz 
superconducting  cavity  and  the  corresponding  RF  power 
requirements  for  the  NSLS  Coherent  Radiation  Source  have 
been  discussed.  Results  indicate  that  with  relatively  minor 
changes  to  the  XLS  Phase  I  ring,  the  addition  of  the 
superconducting  system  can  provide  the  large  RF  voltage 
necessary  for  the  generation  of  sub-millimeter  wave  coherent 
synchrotron  radiation. 
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Tochigi,  322,  Japan,  (3)Tokyo  Denkai  Co., Ltd.,  Higashisuna,  Koto-ku,  Tokyo,  136,  Japan 


The  development  of  superconducting  cavity  for  high 
accelerating  fields  has  been  continued  at  KEK  on  the  basis 
developed  for  TRISTAN  superconducting  cavity.  Many  at¬ 
tempts  have  been  pursued  to  achieve  high  field  and  to  un¬ 
derstand  the  phenomena  that  limit  the  cavity  performance 
at  high  field;  investigations  of  how  depend  on  niobium  ma¬ 
terial,  surface  treatment,  heat  treatment,  surface  condition, 
cavity-shape  and  cavity-forming.  The  accelerating  fields  of 
more  than  25  MV/m  have  been  achieved  repeatedly  in  the 
several  single-cell  cavities,  even  though  we  did  not  yet 
fully  understand  what  had  been  happened  at  high  field.  The 
present  status  of  those  attempts  will  be  reported. 

I.  INTRODUCTION 


3.  Two  types  of  heat  treatment  were  employed.  The 
treatment  at  760  -  800  was  for  degassing  of  hy¬ 
drogen  that  might  be  absorbed  at  CP  or  EP.  Whereas, 
1400  treatments  were  tried  to  improve  the  nio¬ 
bium  property;  improving  RRR. 

4.  High  pressure  water  rinsing  (HPR)  of  85  kg/cm^ 
pressure  with  13  l/min  flow  rate  are  now  standard 
process  in  addition  to  the  overflow  rinsing  with  ultra¬ 
sonic  agitation  (28  kHz)  in  the  hot  bath.  Megasonic 
(950kHz)  rinsing  (MSR)  with  reflector  setting  inside 
the  cavity  is  occasionally  used.  More  effective  way 
such  as  the  agitator  itself  is  setting  inside  the  cavity 
will  be  soon  ready.  Test  of  megasonic  with  silicon 
wafers  showed  promising  result[3]. 


The  high  gradient  superconducting  cavity  is  key  issue 
for  TESLA  (TeV  Energy  Superconducting  Linear 
Accelerator)  project  that  requires  the  accelerating  field  at 
least  25  MV/m  with  a  Qq  value  of  more  than  5x10^  at  1.3 
GHz  frequency[l].  The  cavity  performance  to  fulfill  such 
high  field  and  high  Qq  may  be  realized  by  the  good  surface 
condition;  less  dust  and  less  defect,  as  well  as  by  the  prop¬ 
erly  designed  cavity  shape  to  suppress  the  multi-pacting. 
The  feasibility  of  mass  production  of  the  multi-cell  cavity 
is  also  kept  in  mind  when  the  fabrication  method  is  consid¬ 
ered.  To  investigate  possible  ways  of  cavity  construction, 
several  materials,  cavity-shape  and  methods  such  as  sur¬ 
face-treatment,  heat-treatment  and  cavity-fabrication,  have 
been  tried. 

A.  Surface  property 

The  surface  condition  or  property  might  depend  on  the 
niobium-materiel  itself  and  the  process  of  cavity  construc¬ 
tion  and  preparation: 

1.  Three  RRR  materials  are  used;  100,  200  and  350. 

2.  Surface  treatments  such  as  chemical-  (CP)  and  elec¬ 
tro-  (EP)  polishing  were  employed  as  a  well-estab¬ 
lished  surface  preparation[2].  Tumbling  (Turn)  was 
also  tried  and  got  promising  results.  It  takes  one  week 
for  ~50|im  polishing.  Employ  the  Turn  can  omit  thick 
CP/EP,  then  it  may  lead  to  less  fabrication  cost.  Final 
CP  (~20|Xm)  was  still  employed,  then  the  degassing 
was  the  necessary  process. 
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B.  Cavity  type 

Thirteen  single-cell  cavities  have  been  fabricated  and 
tested  since  1991.  Two  cavities  had  been  already  out  of  or¬ 
der  because  of  too  much  polishing  but  these  showed  good 
results;  Eaco  20MV/m.  One  of  the  alive  11  cavities  was 
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fabricated  with  wave-guide  input  coupler.  The  cold  test  of 
this  cavity  has  been  done  once,  but  the  result  was  not  so 
good;  Eacc<ll  MV/m  and  limited  by  quench  with  self¬ 
pulsing.  It  is  too  early  to  discuss  about  this.  The  results  of 
our  test  mainly  come  from  these  remaining  10  single-cell 
cavities. 

1.  Several  cavity  shapes  called  spherical  type  with  4mm 
and  1mm  flat  part  at  equator  and  elliptic  type  were 
fabricated  as  discussed  in  ref.  [2].  Also  asymmetric 
type  has  been  tried  where  ’'asymmetry"  means  that 
the  spherical  and  elliptical  half  cells  were  welded  to 
make  one  single  cell  cavity. 

2.  Half  cells  of  both  of  the  spherical  cavities  and  ellipti¬ 
cal  cavities  were  made  by  deep  drawing  method. 
Spherical  half  cells  of  asymmetric  cavities  were  made 
by  spinning.  Electron  beam  weldings  (EBW)  were 
employed  for  half  cell  and  beam  tube  welding. 

No  clear  dependence  of  the  cavity  performances  on 
these  shapes  was  indicated,  even  though  trying  several 
shapes  were  motivated  to  see  how  the  cavity  shape  affect 
on  the  multi-pacting.  It  seems  that  the  present  maximum 
Eacc  were  mainly  governed  by  the  surface  property. 

C.  Experimental  apparatus 

The  cold  tests  of  the  cavity  have  been  carried  out  in  the 
vertical  cryostat[2]  with  movable  coaxial  input  coupler  that 
can  be  matched  to  the  range  of  Qo  from  1x10^  (4.2®K)  to 
5x10^^  (l.S^K).  The  cavity  vacuum  is  5-9  xl0“^^  at  cold. 

1.  Diagnostic;  Occasionally  the  temperature  mapping( 
684  carbon  resisters)  and  X-ray  (8  PIN  diode)  moni¬ 
tor  were  equipped.  With  these  signals  and  the  electron 
yield  measured  at  a  monitor  port  can  provide  con¬ 
vinced  field-emission  signal  at  the  steady  state.  While 
the  transient  phenomena  such  as  quench  can  be  ob¬ 
served  by  rf-signals;  transmitted  and  reflected  signals. 

2.  Residual  magnetic  field;  The  measured  field  at  room 
temperature  in  the  cryostat  is  ~15mG.  However,  if  the 
T-mapping  is  equipped,  extra  field  might  be  intro¬ 
duced  as  indicated  in  the  Qo  degradation  of  factor  2- 
3;  shown  in  figure  1(M3  and  M4). 

3.  Removing  the  ceramic  at  input  coupler;  The  fatal  Q- 
degradation  previously  reported  as  Japanese  Q-dis- 
ease  was  completely  disappeared.  This  phenomenon 
didn't  relate  to  the  surface  properties,  even  though  it 
might  be  triggered  by  the  break  down  at  the  cavity. 
The  data  taken  after  this  will  be  used  for  discussion. 

IL  RESULT  AND  DISCUSSION 

The  well  prepared  cavities  of  several  types  show  the 
good  performances  as  shown  in  fig.l  as  irrelevant  to  the 
shapes  eind  the  fabrication  methods.  It  seems  that  the  sur¬ 


face  properties  are  the  main  issues  to  determine  the  perfor¬ 
mance  at  least  at  presently  attained  Eacc  region; 
25<Eacc<35  MV/m. 

A.  Dependence  on  the  RRR  and  on  Heat  treatment 

The  results  of  the  200  and  350  RRR  attained  the  Eacc 
more  than  25  MV/m  with  high  Qq.  In  the  fig.l,  the  black 
circles  show  1400  annealed  cavities.  The  RRR  indicated 
are  the  initial  value  of  each  cavity.  The  degassing  heat 
treatments  taken  after  CP  or  EP  were  enough  to  attain  the 
high  Eacc  as  indicated  by  the  white  data  points.  All  1400 

annealed  cavities  show  relatively  low  Qo  which  means 
the  higher  residual  resistance  (Rres)  compared  to  non 
annealed  cavities,  even  though  the  sample  test  of  the 
annealing  showed  the  RRR  improving.  The  two  non  an¬ 
nealing  data  of  the  200  RRR  as  indicated  by  M3  and  M4 
show  also  relatively  low  Qo,  because  of  extra  B-field  in¬ 
duced  by  the  T-mapping  and  not  because  of  less  poor  sur¬ 
face  properties.  The  two  sets  of  Rres  of  annealing  and  non 
annealing  show  the  RRR  dependence  consistent  with  the 
empirical  theory;  Rres  is  proportional  to  l/sqrt(  RRR)  with 
20%  larger  coefficient  for  annealing  set.  If  we  simply  sup¬ 
pose  that  the  1400  annealings  improve  the  RRR,  our  re¬ 
sults  are  contradicted  with  this  picture.  We  didn't  fully  un¬ 
derstand  these  situations,  but  it  can  be  said  that  1400 
annealing  is  not  necessarily  treatment  for  attaining  the 
present  Eacc  range. 

The  cavities  of  100  RRR  didn’t  reach  25  MV/m  yet. 
However  one  of  these  (Ml)  cavity  was  the  first  cavity  fab¬ 
ricated  at  MHI  and  we  recognized  some  imperfect  welding 
part.  The  other  (MKO)  is  almost  attain  20  MV/m.  It  is  not 
conclusive  whether  the  RRR  of  100  is  insufficient  for  at¬ 
taining  25  MV/m  or  not. 

There  would  be  another  question  whether  the  RRR 
value  is  good  measure  for  expecting  good  cavity  perfor¬ 
mance.  If  we  consider  the  facts  that  the  three  RRR  nio¬ 
bium-sheet  were  supplied  from  three  different  companies 
and  the  20%  deterioration  of  Rres  of  the  annealed  cavities, 
we  can’t  deny  other  properties  that  decide  the  cavity  per¬ 
formance  beside  the  RRR. 

B.  Dependence  on  the  polishing  thickness 

Figure  2  shows  the  correlation  between  the  accumu¬ 
lated  polishing  thickness  and  maximum  Eacc  for  several 
cavity  tests.  We  should  point  out  that  three  data  points  that 
exhibit  high  Eacc  (K2:elp,  K4:asy)  though  the  polishing 
thicknesses  are  less  than  60  |im.  These  cavities  were  treated 
with  Turn  (-50|im),  CP/EP(10|im),  800  degassing, 
MSR  and  HPR.  Before  the  degassing  both  cavities  showed 
Q-disease  where  only  MSR  and  HPR  were  applied  after 
CP/EP.  If  we  simply  observe  the  figure  2,  the  peak  is 
around  300  |im;  if  we  trace  one  particular  cavity,  at  more 
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than  300  |Lim  polishing  no  improvement  or  rather  degrade 
the  cavity  performance  can  be  observed.  It  should  be 
pointed  out  here  that  the  horizontal  axis  represents  also  dif¬ 
ferent  time  for  different  cavities  and  several  efforts  intend¬ 
ing  to  improve  the  cavity  performance  have  been  done  in 
these  periods;  figure  2  shows  the  history  of  our  tests  after 
removing  the  ceramic.  The  cavities  attained  Eacc  below  20 
MV/m  are  already  discussed  before;  expressed  as  Q-dis- 
ease,  RRR=100  and  with  W.G.  coupler. 

Figure  2  may  indicate  the  possibility  that  the  smaller 
polishing  (~  100pm)  will  be  enough  for  attaining  high  field; 
Eacc>25MV/m. 
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Figure  2.  Polishing  thickness  vs.  Eacc.  Summary  of  our 
cavity  cold  tests. 


C.  Decay  at  maximum  Eacc 

The  observed  decay  times  (x)  of  the  cavity  field  at 
maximum  Eacc  are  -200  jLisec  where  x  is  defined  by  T1/2  / 
ln2.  At  a  glance  the  decays  were  almost  exponential  though 
we  didn't  check  it  precisely.  Figure  3  shows  the  field  de¬ 
pendence  of  X  of  several  cavities;  16  cold  tests  of  8  cavi¬ 
ties.  At  high  field  (>20MV/m)  it  seems  that  x  depends  on 
Eacc  in  a  simple  way.  This  behavior  may  indicate  the  fact 
that  the  quench  at  maximum  Eacc  have  happened  at  some 
limited  region  of  the  cavity  as  explained  below.  The  energy 
deposit  (q)  at  the  surface  induce  the  temperature  rise  (AT) 
and  the  quench  will  be  initiated.  Two  type  sources  of  the  q 
can  be  considered.  The  first  is  ohmic  loss  given  as  the 
product  of  the  defect/dust  area  (S),  current  (i)  and  the  extra 
resistance  (AR);  q=S  AR.  The  second  is  the  deposit  by 
electron  irradiation.  In  this  case  q,  irradiated  position  and 
size(S)  may  be  function  of  Eacc.  Assume  that  whatever  the 
types  of  q,  the  x  is  mainly  determined  by  the  energy  deposit 
at  quench-area  as  given  by  qn=  Sn  i^  Rn  where  Sn  is  area 
and  Rn  is  resistance  of  normal  state.  The  Sn  may  be  func¬ 
tion  of  q,  S  and  the  thermal  quantities  of  the  cavity  such  as 
specific  heat  and  thermal  conductivity.  In  the  1st  case  the 
qn  is  the  function  of  i,  Rn  and  thermal  quantities.  The  posi¬ 
tion  of  ohmic  loss  must  be  limited  to  some  region  to  repro¬ 


duce  simple  Eacc  dependence;  possibly  at  equator.  In  the 
2nd  case  simple  Eacc  dependence  may  be  natural  conse¬ 
quence  once  the  emitter  position  is  limited  to  some  region; 
possibly  at  iris.  The  data  are  classified  to  four  categories  as 
strong-,  weak-,  no  X-ray  detected  at  quench  and  not  clear 
data  due  to  lack  of  monitor  (+).  The  reasons  of  these  are  not 
understand  yet.  Same  cavity  showed  different  X-ray 
behavior  even  though  same  treatments  have  been  applied. 
Two  types  possibilities  can  show  similar  Eacc  dependence 
if  the  position  of  Sn  is  near  the  equator  and  if  they  have 
similar  q.  Recall  that  the  q/S  almost  define  AT,  then  S  is  de¬ 
termined  if  q  is  given.  The  nature  of  quench  may  indicate 
that  the  equator  and  iris  are  suspicious  place  for  limiting 
our  maximum  Eacc;  welding  part  or  dust. 


Maximum  Eacc  [MV/m] 


Figure  3.  Field  dependence  of  decay  time. 


III.  CONCLUSION 

To  attain  the  high  field  the  RRR  of  200  is  enough.  Not 
so  much  polishing  may  be  required  with  our  recent  treat¬ 
ment.  The  cavities  seem  to  be  limited  by  thermal  quench 
caused  by  the  defect/dust  at  equator  or  iris.  The  effort  to 
make  seamless  cavity  by  explosion  is  just  started  for  in¬ 
tending  to  reduce  the  cost.  Eliminating  the  suspicious  weld¬ 
ing  part  may  also  break  through  the  present  limit.  The  in¬ 
vestigations  of  niobium  properties  by  the  magnetization 
method  are  now  progressing  and  may  reveal  important  as¬ 
pects  of  the  surface  properties  including  the  welding  part. 
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Abstract 

The  performance  of  high  gradient  superconducting  RF 
cavities  for  electron  accelerators  is  mainly  limited  by  field 
emission.  Major  improvements  have  been  recently  obtained 
using  different  surface  conditioning  techniques  confirming 
the  involvement  of  metallic  particles  in  field  emission 
enhancement.  In  this  paper  we  present  the  results  obtained 
with  an  optical  apparatus  attached  to  an  RF  copper  cavity 
equipped  with  a  removable  sample  which  is  subjected  to 
high  RF  fields  >  40  MV/m).  Stable  light  spots  are 

observed  on  the  sample  surface  and  their  intensities  and 
optical  spectra  are  measured  as  a  function  of  the  surface 
electric  field.  The  total  emitted  current  is  simultaneously 
measured  by  an  isolated  hollow  electrode  facing  the 
sample.  Particles  of  different  types  were  deliberately 
sprinkled  over  the  sample  surface  and  the  luminous  features 
are  studied.  Light  intensity,  spectral  power  density  and 
evolution  of  the  luminous  sites  provide  useful  information 
for  understanding  the  field  emission  phenomena  and  the 
conditioning  effects. 

1.  INTRODUCTION 

In  this  paper  we  report  on  the  development  and 
experimental  work  performed  with  an  optical  apparatus 
attached  to  an  RF  cavity.  A  detailed  description  of  this 
device  and  some  preliminary  results  were  presented  in 
previous  papers  [1]  [2].  The  initial  goal  was  to  develop  a 
diagnostic  tool  able  to  localize  and  characterize  the  light 
spots  which  are  observed  on  the  surface  of  cavities 
submitted  to  high  electric  fields.  This  effect  has  been 
observed  in  DC  experiments  [3]  and  sometimes  an  intense 
luminous  activity  has  been  reported  in  RF  cavities  with 
heavy  field  emission. 

II.  EXPERIMENTAL  SET  UP 

a)  Cavity 

A  simple  copper  cavity  has  been  proposed  by  the 
Saclay  Group  [4]  [5]  for  studying  the  RF  field  emission  on 
removable  samples.  Field  emission  from  metallic  surfaces 
at  room  temperature  is  practically  the  same  as  from  those 
at  liquid  helium  temperatures.  A  simple  cavity  with  a 
removable  sample,  operating  at  room  temperature  offers 
fast  turn  around  and  low  operating  costs.  The  work 
concerning  deliberately  contamination  with  metallic 
particles  was  presented  in  references  [4]  [5]  [6].  An 

identical  cavity  was  slightly  modified  to  simultanously 
observe  the  top  of  the  sample  through  an  optical  window 
and  collect  the  electron  current  with  a  hollow  electrode 
was  developed  [1]  [2].  Two  types  of  sanples  were  used  in 


the  present  study  [Fig.l]:  #1  giving  E^ax  =  60  MV/m  and 
#2  giving  Emax  =100  MV/m  (for  5  kW  peak  input  power). 

These  are  the  electric  fields  on  the  top  of  the  samples 
which  can  be  maintained  for  pulse  lengths  in  the  range  of 
10  ps  to  5  ms  with  a  duty  cycle  of  1  %.The  field  obtained 
with  #1  samples  was  calibrated  using  a  X-ray  detector  and 
the  field  with  #2  samples  was  calculated  with  means  of  a 
computational  code. 


Fig.  1  :  Sample  geometry  (all  dimensions  in  nun) 
b)  Optical  detectors 

A  simplified  scheme  is  given  in  Figure  2.  The 
intensified  camera  has  a  sensitivity  of  5  x  lO""^  lux  in  the 
wavelength  range  of  400  -  650  nm  (at  40  %  of  maximum 
relative  response).  A  detailed  description  is  given  in  Ref. 
[2].  During  the  first  tests  a  series  of  high-pass  filters  was 
used  for  a  rough  evaluation  of  the  spectral  power  density 
with  a  resolution  of  50  nm.  The  spectral  analysis  system 
was  recently  improved.  A  pair  of  crossed  slits  (50  pm)  was 
inserted  in  the  optical  path.  While  the  slits  are  moved  to 
select  the  light  emanating  from  just  one  spot.  A  prism  is 
then  positioned  on  the  optical  path  and  the  dispersed  light 
analysed  by  a  cooled  CCD  multichannel  sensor 
(Hamamatsu  C5809  model). 

This  two  dimensional  CCD  array  (64  vertical  x  512 
horizontal)  integrates  the  incoming  light  during  the 
exposure  phase.  At  the  end  of  this  time,  the  photocharges  of 
individual  pixels  are  accumulated,  first  along  the  vertical 
axis  (binning  phase)  and  then  sequentially  transferred  to  a 
readout  stage.  A  sample  and  hold  circuit  delivers  a  low 
impedance  video  signal  which  is  digitized  by  an 
oscilloscope.  This  signal  is  processed  by  a  PC  computer 
program  which  displays  the  power  density  spectrum  for 
each  exposure  phase. 
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Fig  2  :  Optical  detectors 

Due  to  the  wavelength  dependence  of  the  refractive 
index  of  the  prism,  the  wavelength  range  covered  by  each 
CCD  channel  varies  from  channel  to  channel  : 
Inm/channel  at  400  nm,  10  nm/channel  at  1100  nm  (1 
channel  corresponds  to  64  vertical  pixels).  The  CCD 
sensitivity  and  channel  calibration  were  performed  with 
different  near-monochromatic  light  sources  (laser  diode, 
LED,  narrow  band  filters)  [Fig.  3]. 


5.50E-01  6.00E-01  6.50E-01  7.00E-01  7.50E-01 


Wavelength  (nm) 

Fig.  3:  Calibration  spectrum  obtained  with  a  670  nm  laser 
diode 

Our  calibration  of  power  sensitivity  was  within  ~  7  % 
of  the  manufacturer's  values  :  a  spot  with  luminous 
intensity  of  10"^^  W  is  detectable  by  this  means.  The 
correspondance  between  wavelength  and  channel  numbers 
was  accomplished  with  ±  1  channel  error  by  using  an 
interpolation  method  between  the  monochromatic 
wavelength  values. 

III.  RESULTS 

Samples  were  prepared  using  a  technique  which  is 
now  established  [4].  Particles  are  sprinkled  on  the  top  of  a 
clean  sample  placed  over  the  cold  vapors  of  an  LN2  bath. 

The  particles  stick  to  the  moistened  surface  and  after 
drying  remain  well  adhered  (for  samples  prepared  in  this 
manner,  the  particles  remain  attached  during  sample 
mounting  in  the  cavity  and  the  majority  remain  attached 
even  with  the  application  of  electrostatic  fields).  The 
samples  are  mounted  in  the  cavity  on  a  laminar  flow  bench. 
The  prepared  cavity  is  then  evacuated  and  the  experiment 
starts  when  the  pressure  reaches  the  range  of  10“^  mbar. 
The  past  efforts  of  the  GECS  group  were  concentrated  on 


field  emission  from  metallic  particles  and  surface  scratches 
[4,  5,  6].  In  this  paper  we  focus  on  observations  made  on 
samples  contaminated  with  dielectric  (AI2O5)  particles. 

Two  sizes  of  alumina  particles  have  been  studied  :  large 
particles  (50  -  pm)  and  small  particles  (~  1pm).  On 
examination  of  the  samples  in  the  SEM,  it  was  found  that 
the  smaller  particles  tended  to  agglomerate  into  larger 
clusters,  but  there  were  many  individual  particles  as  well. 
Large  particles 

A  copper  sample  (type  #  1)  contaminated  with 
alumina  particles  was  submitted  to  RF  pulses  of  4  ms  (1 
Hz  repetition  rate).  Luminescent  spots  were  clearly 
observed  starting  at  a  field  of  5  MV/m.  Increasing  the  field 
up  to  30  MV/m  leads  to  a  higher  density  of  spots  on  the  top 
of  the  sample  and  a  higher  luminous  power  [Fig.  4].  The 
electron  current  was  very  unstable  (500  p A  at  10  MV/m). 


Fig.  4:  large  alumina  particles  at  E  =  8  MV/m 

Above  this  field  level  luminous  tracks  were  observed, 
sometimes  following  straight  trajectories,  other  times 
curved  [Fig.  5]. 


Fig.  5:  large  alumina  particles  at  E  =  20  MV/m 
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These  tracks  appear  to  be  originated  from  the  light 
spots  and  are  accompanied  with  an  increase  of  the  vacuum 
pressure,  higher  electron  current  and  important  disturbances 
in  the  frequency  tuning  of  the  cavity.  After  several  RF 
pulses  the  electron  current  and  luminous  effects  stabilize, 
but  each  time  the  RF  power  level  is  increased  it  triggers  a 
new  spectacular  pattern  of  light  tracks  and  sometimes 
"explosiomlike"  luminous  effects.  Eventually  a  field  level 
of  40  MV/m  was  reached  and  a  more  stable  emission  phase 
was  obtained.  At  this  point  the  RF  power  was  turned  off  and 
the  cavity  vacuum  allowed  to  recover.  The  cavity  behaved 
very  differently  during  the  next  experiment.  The  current  was 
quite  stable  and  found  to  be  roughly  Fowler-Nordheim  in 
nature.  Luminous  activity  did  not  start  until  20  MV/m. 
Several  individual  spots  were  measured  with  the  spectral 
analysis  system.  Each  spot  showed  a  spectrum  [Fig.  6]  with 
same  shape  but  with  a  different  spectral  density  peak  value 
and  wavelength  (ranging  from  600  nm  to  800  nm).  One  spot 
was  studied  between  30  -  40  MV/m;  it  was  found  that  the 
peak  wavelength  did  not  change  as  the  field  level  was 
increased.  This  study  took  several  hours  and  during  this 
time  some  of  the  light  spots  remained  quite  stable 


Fig.  6  :  Three  different  light  spots 

Afterwards,  the  sample  was  examinated  in  a  SEM. 
Melted  features  were  found  on  alumina  particles  with 
diameters  on  the  order  of  10  pm.  Small  clusters  of  smaller 
particles  (~  5pm  in  diameter)  coated  the  sample  surface 
and  some  craters  were  also  identified  in  their  vicinity. 

Small  particles 

In  this  experiment  a  niobium  sample  of  type  #2  was 
used  which  gave  more  stable  operating  conditions.  The 
electron  current  was  quite  low  (15  pA  at  80  MV/m)  and 
unstable  during  the  first  few  minutes.  Small  luminous  spots 
[Fig.  7]  were  observed  which  remain  visible  just  for  1  or  2 
RF  pulses  (100  ps  long,  5  Hz  repetition  rate,  estimated 
field  80  MV/m).  After  this  conditioning  period  the  pulse 
length  was  increased  to  2  ms  (1.2  Hz  repetition  rate).  This 
time,  no  light  spots  were  visible  on  the  top  of  the  sample 
and  the  electron  current  stayed  stable  (le  =  2  pA  at  80 

MV/m).  Examination  in  the  SEM  showed  a  large  number  of 
small  craters  (1  or  2  pm)  in  the  area  where  the  light  spots 
had  been  visible.  No  trace  of  initial  particles  was  founded 
over  the  surface.  The  short  life  and  instability  of  the  light 


spots  made  the  spectral  measurement  very  difficult  in  this 
experiment. 


Fig.  7  :  Small  alumina  particles  at  E  =  80  MV/m 
IV.  DISCUSSION 

These  experiments  show  that  dielectric  particles 
interact  strongly  with  the  RF  fields  in  the  cavity.  They  emit 
light  and  may  be  responsible  for  the  observed  electron 
current.  There  is  also  a  clear  dependence  on  the  particle 
size. 

The  unstable  behavior  during  the  conditioning  phase 
is  accentuated  for  the  larger  particles  which  produce  higher 
currents  and  more  intense  light  spots.  The  light  spectra 
show  some  similarity  to  those  observed  in  alumina 
waveguide  windows  [7].  Some  luminous  features  observed 
in  the  experiment  with  large  particles  have  been  also 
observed  in  DC  experiments  [3]  :  same  order  of  magnitude 
of  the  luminous  power  in  a  light  spot  (lO'^^W),  spectral 
power  density  in  the  range  600  nm  -  800  nm  and  peak 
wavelength  not  dependent  on  the  electric  field. 

Let  us  consider  the  RF  heating  of  these  particles.  The 
power  density  absorbed  by  a  dielectric  is  given  by 
P(W/m^)  =  1/2  Eo  Er  tan6/2  .For  alumina  (Ex  =10, 

tan8  =  lO'*^)  in  a  field  of  50  MV/M  at  1.5  GHz,  we  find  P  - 
lO^^W/m^.  The  temperature  increase  of  a  particle  of  any 
size  can  be  calculated  using  the  specific  heat  (Cp  =  756 
J/kg.K)  and  density  3970  kG/m3)  of  alumina.  The  time 
constant  x,  to  reach  this  temperature  is  proportional  to  the 
contact  thermal  resistance,  Rth  and  to  the  total  heat 

capacity  C  of  the  particle.  From  SEM  measurements,  a 
value  of  Rth  ^  10^  K/W  has  been  determined  giving  time 
constants  in  the  range  10  |isec  -  100  msec. 
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Abstract 

Assessing  superconducting  technology  for  potential 
upgrades  to  existing  proton  accelerators  as  well  as 
applications  to  future  high-current  machines 
necessitates  developing  expertise  in  the  processing 
and  handling  of  multicell  cavities  at  useful 
frequencies.  In  order  to  address  some  of  these 
technological  issues,  Los  Alamos  has  purchased  a  4- 
cell  805-MHz  superconducting  cavity  from  Siemens 
AG.  The  individual  cavity  cells  were  double-sided 
titanium  heat-treated  after  equatorial  welding,  then 
the  irises  were  welded  to  complete  the  cavity 
assembly.  The  resulting  high  RRR  (550-730)  in  the 
cells  enables  stable  operation  at  higher  cavity  field 
levels  than  are  possible  with  lower  RRR  material. 
Additionally,  the  high  thermal  conductivity  of  the 
material  is  conducive  to  rf  and  high  peak  power 
processing.  The  cavity  was  also  cleaned  at  Los 
Alamos  with  high-pressure  water  rinsing.  Results 
from  the  initial  cavity  tests,  utilizing  various 
processing  techniques,  are  presented. 

Introduction 

The  4-cell  805-MHz  niobium  cavity  was  originally 
purchased  from  Siemens  AG  as  a  prototype  test  piece 
for  a  proposed  pion  accelerator  [1].  As  such,  it  was 
fabricated  using  state-of-the-art  techniques  for 
maximum  accelerating  fields.  Most  notable  was  the 
double-sided  titanification  and  preliminary  etching  of 
the  niobium  cells  (with  equator  welds)  before  the 
irises  were  welded.  This  gave  a  residual  resistance 
ratio  (RRR)  of  greater  than  550  in  the  cavity-equator 
welds,  and  bulk-material  RRR  values  around  730. 
These  values  were  obtained  by  parallel-fired  samples. 
The  cavity  was  designed  for  a  P=0.92,  with  a  beam- 
pipe  radius  of  2.6  inches. 


*  Work  supported  by  Los  Alamos  National  Laboratory 
Directed  Research  and  Development,  under  the  auspices  of 
the  United  States  Department  of  Energy. 


In  the  interest  of  obtaining  high  accelerating  fields, 
the  cavity  manufacturing  processes  of  inspection, 
forming,  machining,  welding,  firing,  and  etching 
were  stringently  specified  [2].  Additional  processing 
refinements  were  also  added,  based  on  LANL 
research  in  field  emission  in  single  cell  cavities. 
Augmentations  to  the  standard  cavity  processing  used 
by  the  manufacturer  included  a  0.5-|xm  filter  and  heat 
exchanger  for  the  recirculating  etch  chemistry,  a  long 
(90  hours)  spray  rinse  with  ultrapure  water,  and  High 
Purity  Liquid  Chromatography  grade  (HPLC) 
methanol  rinsing. 

The  original  manufacturer  cleaning  was 
supplemented  by  additional  cleaning  at  Los  Alamos 
that  included  high-pressure  ultrapure- water  cleaning 
of  the  cavity  and  components  and  microscopic 
inspection  of  ancillary  components  and  flanges. 


Figure  1.  Sectional  engineering  drawing  of  the  4-cell 
805-MHz  cavity. 

Mechanically,  the  cavity  was  stiffened  with  6 
titanium  tubes  connected  to  the  cavity  with  welded 
tabs  and  anchored  to  two  titanium  bulkhead  rings  on 
each  end,  as  shown  in  figure  1.  The  end  half-cells  are 
deformed  using  a  titanium  tuner  that  has  no  backlash. 
The  cavity  was  designed  to  be  sealed  with  silver 
plated  Helicoflex  Delta  seals  on  niobium-hafnium 
alloy  flanges.  The  Helicoflex  seals  remained 
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leak-tight  throughout  the  test  and  the  stiffening 
scheme  produced  no  adverse  effect.  Overall,  the 
mechanical  aspects  of  the  cavity  performed  as 
expected. 

Analysis  was  done  in  the  cavity  design  to  specify  the 
room-temperature  frequency  value  such  that  805- 
MHz  was  obtained  upon  cooldown  to  4  K.  The 
targeted  room-temperature  7C-mode  resonant  value  of 
803.450-MHz  gave  a  4  K  value  of  805.077-MHz,  in 
close  agreement  with  calculations  [3].  The  ability  to 
reliably  predict  the  final  frequency  from  room 
temperature  values  is  useful  for  manufacturing 
purposes. 

RF  system 

As  this  was  a  vertical  cavity  test  in  the  lab  and 
extensive  conditioning  was  envisioned,  an  adjustable 
coupler  was  designed  for  delivering  power  to  the 
cavity.  The  coupler  was  based  on  3-1/8”  coax,  and 
used  a  choke  joint  to  reduce  the  current  on  the  rf 
seals  [4,5].  In  measurements,  the  coupler  covered  an 
external  Q  range  of  2x10^  to  1x10^  \  as  designed  [6]. 
Cold  and  warm  windows  were  used  to  isolate  the 
cavity  vacuum  near  the  cavity,  so  a  long  section  of 
the  coax  line  was  under  vacuum.  Quarter-wave 
stubs  were  used  to  support  the  center  conductor 
without  unduly  stressing  the  coaxial  windows. 

RF  power  for  high-power  conditioning  was  supplied 
by  two  klystrons  that,  combined,  provided  CW  power 
up  to  18-kW  and  pulsed  power  up  to  180-kW  at  10- 
Hz  and  with  10-msec  pulse  lengths. 


Test  results 

Two  tests  were  carried  out  on  the  cavity,  both  at  2 
and  4  K.  In  the  first  test,  cavity  characterization  and 
performance  evaluation  tests  were  done,  which 
provided  initial  Q  values,  coupler  range,  and  the  n- 
mode  frequency.  RF  conditioning  with  up  to  1-kW 
forward  power  was  also  done,  usually  in  conjunction 
with  the  performance  testing.  The  cavity  responded 
very  well  to  this  rf  conditioning,  and  it  took 
approximately  an  hour  to  realize  the  gains  shown  in 
figure  2.  Field  emission  was  observed  as  the 
limiting  mechanism  of  the  cavity  at  2  K.  The 
amount  of  field  emission  decreased  with  increased 
conditioning  time,  as  noted  by  x-ray  levels.  At  4  K, 
the  field  level  was  limited  by  the  rf  power  available. 


Higher  power  processing  was  attempted  using  the 
klystrons,  but  the  test  was  limited  by  an  arcing 
problem  in  the  coaxial  high-power  switch.  The 
arcing  required  keeping  the  power  level  below  100- 
kW  with  a  pulse  length  less  than  0.5-msec.  With 
this  pulse  profile,  and  an  external  Q  of  2x10^,  the 
cavity  fields  only  achieved  the  values  obtained 
during  CW  conditioning,  and  thus,  further 
conditioning  was  not  realized. 


Figure  2.  Unloaded  Q  related  to  accelerating 
field  in  the  cavity.  The  original  specification 
at  2  K  is  shown  as  a  dashed  box  in  the  left 
comer.  The  maximum  field  obtained  was  field 
emission  limited.  The  different  lines 
represent  different  power  sweeps. 


Conditioning  with  CW  power  up  to  1 .5-kW  was  also 
tried,  but  was  limited  by  center  conductor  heating 
leading  to  breakdown  in  the  driveline. 


Conclusion 

The  cavity  performed  very  well.  The  fabrication  and 
cleaning  techniques  used  yielded  a  cavity  with  high 
RRR  that  sustained  high  field  levels.  At  2  K,  the 
cavity  obtained  a  maximum  EqT  of  16.3  MV/m  with 
field  emission  at  a  Qo  of  3x10^,  and  ran  at  8-10 
MV/m  with  minimal  field  emission. 
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Abstract 

An  advanced  rotating  temperature  and  radiation  mapping 
has  been  developed  for  investigation  of  field  emission  & 
thermal  breakdown  of  TESLA  9-cell  superconducting  cavities 
in  superfluid  He.  More  than  10,000  spots  on  cavity  surfaces 
can  be  investigated  in  one  turn  with  5®  angular  stepping.  We 
locate  a  heated  area  with  maximum  AT=3.3K  around  the  5th 
cell’s  equator.  A  heat  flux  density  of  5  W/cm^  in  the  region 
AT=3K  and  total  heat  power  Q~100W  going  to  LHe  from  the 
area  were  calculated.  An  emitter  responsible  for  the  heating 
was  identified  at  the  iris  area  (So=8cm)  of  the  same  cell 
according  to  T-maps  associated  with  a  simulation  of 
impacting  electron  trajectories.  The  cavity  reached  Eacc=20 
MV/m.  We  briefly  introduce  the  technical  layout, 
experimental  data  and  analysis  results.  The  surface  scanning 
thermometers,  mechanical  structure,  moving  adapting  device 
and  a  fast  data  acquisition  are  discussed  in  detail  in  [1],  [2]. 

I.  INTRODUCTION 

A.  Field  Emission  and  Thermal  Breakdown 

Great  progresses  have  been  achieved  in  pursuing  high 
accelerating  gradients  of  superconducting  cavities  due  to  the 
world-wide  efforts  [3].  However,  the  field  emission  (FE)  and 
thermal  breakdown  (TB)  are  still  the  main  obstacles 
preventing  SRF  cavities  from  confidently  reaching  Eacc  =  25 
MV/m,  the  TESLA's  goal  (TESLA  is  an  international  effort 
for  the  TeV  Energy  Superconducting  Linear  Accelerator). 

B.  T-R  Mapping 

Most  of  the  FE  sources  and  TB  defects  on  the  inner  RF 
surfaces  of  cavities  are  submicro- sizes  [4]  and  activated  only 
at  high  RF  fields  while  cavities  in  a  superconducting  state. 
The  main  approaches  to  understand  the  FE  and  TB  are  to 
study  the  hot  spots  and  radiation  (X-rays  induced  by 
impacting  FE  electrons)  on  the  cavity  surfaces  during  RF 
operation.  Various  advanced  T  and/or  R  mapping  have  been 
developed  and  comprehensively  used  at  CERN[5],  Cornell 
[6],  DESY,  Saclay  [7]  and  Wuppertal  [8].  T-R  mappings  can 
be  classified  into  two  categories: 

(1)  Fixed  Mapping:  Thermometers  (and/or  photodiodes) 
are  fixed  on  the  surfaces  of  cavity.  They  have  higher 
thermometer  efficiency  (using  grease  as  bounding  agent)  in 
Hell  and  simpler  mechanical  structures  than  rotating  one. 
However,  some  700  of  thermometers  are  needed  for  an  one¬ 
cell  1.5  GHz  cavity  [6]. 

(2)  Rotating  Mapping:  For  a  9-cell  1.3  GHz  cavity,  a 
rotating  T-R  mapping  uses  about  100-150  of  thermometers 
instead  of  ~  6,000  (9x700).  The  thermometer  efficiency. 


accuracy  and  reproducibility  are  highly  depending  on  the  heat 
transfer  condition  at  the  sensor  location  on  the  cavity  wall 

The  rotating  mapping  recently  developed  at  DESY 
combines  measurements  of  T  &  R  for  TESLA  9-cell  cavities 
(a  complicated  geometric  structure).  Therefore,  rather 
sophisticated  mechanical  design  and  surface  scanning 
thermometers  is  needed  to  meet  all  the  performance 
requirements  in  superfluid  He. 

II.  TECHNICAL  LAYOUT 

Total  116  specially  developed  surface  scanning 
thermometers  [2]  and  32  photodiodes  (PIN  Silicon/S  1223-01) 
are  assembled  into  9-rotating  arms  as  shown  in  Figure  1  A,  B. 
The  thermometer  enhance  the  thermal  contact  with  cavity  by  a 
silver  tip  while  isolated  from  HII  with  an  epoxy  housing.  Due 
to  a  reinforced  structure  of  TESLA  cavity,  the  thermometers 
can  not  directly  touch  the  surfaces  of  cavity  iris.  Considering 
the  electrical  fields  reach  maximum  at  iris, 

4  photodiodes  are  mounted  in  the  end  of  each  arm  to  monitor 
FE  induced  X-rays  while  14  thermometers  are  used  to  monitor 
the  temperatures  in  the  entire  region  between  irises  of 
ach  cell.  Only  9  thermometers  are  at  the  first  and  last  arms. 

A  driving  and  suspending  structure  in  superfluid  He  is 


Figure  1:  (A)  A  superfluid  He  scanning  thermometer.  (B)  A 
rotating  arm.  (C)  The  DESY  rotating  T-R  mapping  without 
rotating  measuring  cables. 

designed  to  gently  turn  the  arms  around  and  uniformly  press 
the  thermometers  (through  a  spring-holder  structure,  P=100  g 
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per  thermometer)  onto  the  cavity  surfaces.  A  large  number  of 
electronic  measuring  cables  have  to  move  with  the  rotating 
arms  when  the  T-R  mapping  rotates.  These  cable  become 
very  rigid  in  LHe.  A  moving  adapting  device  is  successfully 
designed  to  overcome  the  problem.  The  space  in  the  TTF 
vertical  cryostat  is  very  constrained  that  makes  the  mapping 
design  even  more  difficult. 

Driven  by  a  computer-controlled  stepping  motor,  the  T-R 
arms  can  be  automatically  turned  to  any  expected  position  on 
the  cavity  with  a  accuracy  of  1  degree.  More  than  10,000 
spots  on  cavity  surfaces  can  be  investigated  in  one  turn  with 
5®  angular  stepping.  Two  Ge-thermometer  and  three 
additional  scanning  thermometers  are  used  to  monitor  the 
change  of  bath  temperature  during  measurement.  Maps  can 
be  taken  with  auto-scanning  of  entire  cavity  surface  or 
scanning  with  time  in  a  fixed  position.  The  effective 
resolution  of  temperature  measurement  is  less  than  5  mK. 
One  longitudinal  measurement  in  a  fixed  angular  position  can 
be  completed  in  less  than  10  ms.  All  data  taken,  control  and 
display  are  performed  by  a  Sun-station  computer  with  a 
LabView"*^  language  program.  Figure  1  C  shows  the 
assembly  of  TESLA  T-R  mapping  without  cabling  system. 
The  technical  aspects  will  be  presented  in  detail  at  [1]. 

IIL  TEST  AND  DIAGNOSES 

A  TESLA  prototype  cavity  -1  has  reached  20  MV/m  as 
shown  in  figure  2.  Previously,  cavity  -1  had  been  limited  by 
thermal  breakdown  at  about  Eacc  =10  MV/m.  Afterwards, 
the  cavity  -1  was  heat  treated  at  1400®  C  in  a  vacuum  oven 
[9]  for  one  hour  with  Titanium  purification.  The  cavity  was 
removed  80  |im  of  material  from  the  inner  RF  surface  and  30 
|j,m  from  outer  side  by  chemistry,  followed  by  high  pressure 
rinsing  with  ultra-pure  water  [9].  Then,  the  cavity  was 
equipped  with  the  rotating  T-R  mapping  and  tested  in  a 
vertical  cryostat  of  T  <  2.1  K. 

A.  Locating  of  Heated  Areas  and  Intensity 

We  successfully  locate  the  heated  areas  and  their 
intensities  associated  with  processing  of  cavity  RF  test.  In  the 
test  the  cavity  -1  was  initially  stopped  by  heavy  field  emission 
at  point  A  of  1 1.2  MV/m  with  a  Q,  8.5  x  10^.  The  T-map 


Figure  2:  Overall  RF  performance  of  the  TESLA  cavity  -1. 
Dots  present  first  test,  triangles  present  second  test,  (notice: 
the  low  power  Q  was  corrected  to  about  1x10^0  by  later  data) 


Figure  3:  A,  A  temperature  map  taken  at  11.2  MV/m  for 
TESLA  cavity  -1.  B,.  Longitudinal  AT  plots,  fixed  at  140®. 


(Figure  3A-3B)  indicate  an  important  heated  region 
delimited  by  12  thermometers  (#53  to  #64)  centred  close  to 
the  equator  of  the  5th  cell,  between  the  110®  to  200®  angles, 
out  of  this  region  the  heating  is  very  low.  The  AT  value  in 
this  region  is  lOOmK  -  3.3K.  The  x-axial  of  figure  3  is  the 
thermometer  number  from  0,  close  to  the  top  iris  of  cell-1,  to 
116,  close  to  the  bottom  iris  of  cell-9.  The  y-axial  represents 
the  angular  location  on  the  cavity  surface.  The  high  pulse  RF 
power  processing  (HPP,  up  to  Eacc=30  MV/m)  [10]  was 
introduced  to  the  cavity  and  successfully  eliminated  the  field 
emitters.  Another  T-map  also  witnessed  the  FE  elimination. 
The  shape  of  Q  vs.  E  plots,  map  after  HPP  and  FE  electron 
tranjectories  indicate  that  a  serious  defect  heating  in  the  area 
is  excluded.  After  HPP,  the  cavity  finally  reached  20  MV/m 
in  cw  mode. 

The  cavity  was  stayed  in  the  cryostat  and  naturally 
warmed  up  to  about  200  K  during  the  New-Year-Eve/95,  and 
then  cooled  down  and  tested  again.  Strong  field  emission  in 
the  cavity  was  activated  about  17  MV/m  (point  B).  The  hot 
spots  are  located  in  different  angular  position  from  the 
previous  one  in  figure  3.  The  cavity  reached  20  MV/m  again 
(Q  recovered  also)  only  with  a  low  RF  power  process. 
Similar  phenomena  was  observed  and  explained  in  [1 1]. 

B.  Analysis  of  Thermal  Performance 

The  experimental  data  obtained  with  the  T-R  mapping  is 
consistent  with  the  thermal  analysis  if  we  consider  the 
following  assumptions:  high  efficiency  of  thermometer  at 
high  heat  flux,  heat  transfer  governed  by  Kapitza  regime,  and 
electron  trajectories  impacts  over  a  large  area. 
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The  magnetic  field  heating  at  equators  of  the  5th  cell,  for 
Eacc=11.2  MV/m  and  Rs=30  nil,  gives  only  AT=5  mK.  From 
the  RF  measurement,  we  can  estimate  the  total  dissipated 
power  in  the  cavity  and  distinguish  the  two  main 
contributions:  (1)  dissipated  power  in  the  cavity  wall  due  to 
magnetic  losses:  Prf=13  W,  covering  entire  9  cells,  and  (2)  the 
power  related  to  the  electron  FE:  Pelec=173  W,  focusing  on 
local  region. 

The  very  high  value  AT  measured  in  this  region  (lOOmK- 
3.3K)  can  only  be  explained  by  assuming  that  the  efficiency 
of  a  scanning  thermometer  increases  strongly  with  the  heat 
flux  density  at  the  interface  of  cavity  wall  and  Hell.  This 
tendency  has  been  observed  in  several  thermometer 
calibration.  We  can  estimated  a  heat  flux  density  of  5  W/cm^ 
in  the  region  AT=3K  based  on  experimental  values  of  Kapitza 
conductance  for  Nb.  Such  a  high  heat  flux  density  is  slightly 
less  than  the  critical  heat  flux  densities  reported  in 
experiments  with  metallic  flat  heaters  in  Hell  [12],  So  it  is 
believed  that  the  heat  transfer  is  in  the  regime  governed  by 
Kapitza  conductance.  The  integration  of  the  product  of 
Kapitza  conductance  and  AT  over  the  heated  region  leads  to  a 
total  heat  power  going  to  He  bath:  Q~100  W.  This  value  is 
consistent  with  the  RF  measurements  of  the  experiment. 

C.  Identifying  ofFE  Origins 

Locating  origins  of  FE  and  TB  is  very  important  to 
understand  the  influence  of  various  cavity  processing  and  also 
to  a  guided  reparation  of  defected  cavities.  The  measured  hot 
spots  directly  indicate  the  location  of  a  defect  in  case  of  TB. 
However,  the  measured  hot  spots  only  indicate  the  landing  of 
impacting  FE  electrons,  but  not  the  emitter. 

The  simulation  of  FE  electron  trajectories  demonstrate  the 
following  interesting  results:  FE  electrons  from  an  emitter  can 
mpact  over  a  very  large  area,  the  shape  of  trajectories  are 
sensitive  to  emitter  location  (So),  and  an  emitter  responsible 


Figure  4:  (A)  FE  electron  trajectories  of  a  emitter  located  at 
So=8  cm.  (B)  Power  distribution  contributed  by  impacting  FE 
electrons  from  So=8  cm.  (C)  Electron  trajectories,  So=9  cm. 
for  the  heating  shown  in  figure  3  is  successfully  identified. 


Since  electron  trajectories,  impacting  electron  energy  and 
power  deposition  distribution  (dP/ds  vs.  s)  are  controlled  by 
the  Eacc  and  So,  a  series  of  simulations  are  performed  by 
changing  So  at  Eacc=11.2  MV/m,  assume  p=200,  Se  (emitter 
area)  =  IxlO'^^m^.  It  is  found  that  an  emitter  located  at  So=8 
cm  (at  the  iris  area  in  a  curvilinear  co-ordination)  has  electron 
trajectories  shown  in  figure  4A.  Its  power  distribution  (dP/ds 
vs.  S)  in  figure  4B  seems  to  be  closed  to  the  shape  of  the 
measured  temperature  distribution.  It  is  indicated  that  heated 
area  at  equator  (usually  by  defects)  can  also  be  caused  by  FE, 
The  p  and  Se  (emitter  area)  of  the  candidate  emitter  were 
adjusted  to  fit  with  the  thermal  analysis  and  RF  experimental 
data.  For  instance,  at  Eacc=11.2  MV/m,  if  Se=lxlO'’^^  m^, 
P  =  400,  the  total  mean  power  landed  over  RF  period  is  lOW. 

The  FE  electron  trajectories  are  very  sensitive  to  the 
emitter  location  in  the  cavity.  For  example,  if  an  emitter 
locates  at  So=9  cm,  FE  electrons  are  driven  out  of  the  initial 
cell  and  rush  to  the  cut-off  tube  of  the  cavity  (Figure  4C). 

IV.  FUTURE  DEVELOPMENT 

The  improvement  of  the  mechanical  system  and  cabling 
of  the  mapping  is  scheduled  in  the  May  of  95.  The  computer 
data  acquisition  for  photodiodes  will  also  be  commissioned  at 
next  test. 
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Abstract  Power  couplers  for  the  352  MHz  LEP2 
superconducting  RF  cavities  have  been  plagued  by 
vacuum  and  electron  outbursts  which  are  attributed  to 
multipacting.  Processing  of  these  couplers  has  been  a 
lengthy  operation  which  was  often  needed  again  after  high 
power  running  even  if  only  for  a  relatively  short  time. 
We  report  here  on  recent  progress  made  in  improved 
production  methods  of  coupler  parts  and  special  treatment 
of  surfaces,  as  well  as  practical  tests  and  simulations  of 
geometrical  coupler  modifications. 

1.  INTRODUCTION 

All  couplers  of  the  LEP  352  MHz  superconducting 
cavities  are  located  on  the  cut-off  tubes  to  avoid  ports  on 
the  cavity  cells  themselves.  The  first  power  coupler 
design  used  a  homogeneous  50  Q  antenna  line  [1]. 
Based  on  this  coupler  an  adjustable  version  was  designed 
containing  a  X/4  section  of  25  Q  impedance  which 
houses  a  choke  construction  [2]. 


Fig.l  :  The  adjustable  coupler 

0-7803-3053^6/96/$5.00  ®1996  IEEE 


Keeping  the  RF-line  outer  diameter  of  103  mm  with 
the  proven  cylindrical  window  design  as  used  for  the  LEP 
copper  cavities  (operated  at  up  to  120  kW  and  being 
tested  up  to  180  kW  [3])  allowed  a  sufficient  safety 
margin  at  the  original  design  value  of  60  kW.  However, 
specifications  for  field  level  and  beam  current  were 
increased,  swallowing  all  of  this  safety  margin.  It  also 
has  to  be  considered  that  due  to  the  RF  transformation  via 
the  25  Q  choke  the  RF  currents  near  the  ceramic  window 
are  strongly  increased. 

During  a  surface  test  of  a  cavity  (standing  wave  case) 
a  leak  developed  linked  with  a  bum-mark  on  the  outer 
coaxial  line.  Subsequent  tests  with  improved 
instrumentation  (local  vacuum  gauges  on  the  couplers, 
electron  pick-ups,  infirared  camera)  showed  that  in  fact 
levels  with  vacuum  and  electron  bursts  could  be  observed 
when  ramping  the  power.  Static  magnetic  fields  could 
influence  the  levels  —  but  not  suppress  them  —  thus 
confirming  that  multipacting  (MP)  was  the  culprit. 

One-side  MP  trajectories  in  coaxial  lines  had  already 
been  simulated  [4],  neglecting  the  magnetic  field.  In  the 
power  range  used  by  us  the  influence  of  the  magnetic 
field  is  small  and  with  a  simple  BASIC  program  similar 
tracks  with  impacts  only  on  the  outer  coaxial  conductor 
in  the  50  Q  part  of  the  line  were  found  at  the  E-field 
maxima  of  a  standing  wave  where  the  magnetic  field  is 
exactly  zero  [5].  Note  the  scaling  law:  the  RF  power 
where  the  MP  occurs  is  proportional  to  f^.  Furthermore 
two-side  MP  was  detected  on  the  25  Q  line  section  of 
the  adjustable  coupler  .  Table  1  shows,  in  the  range  used, 
the  most  dangerous  predicted  and  measured  levels  for  the 
50  Q  couplers.  Psw  is  the  necessary  incident  power  on 
the  coupler  in  full  reflection  (sc.  cavity  without  beam) 
producing  the  peak  voltage  Vrf  in  a  50  Q  line  section. 
Use  of  a  systematic  scan  procedure  including  the 
magnetic  field  [6]  identified  the  same  levels. 


order 

vrf 

fkVl 

Psw(lh) 

IkWl 

Psw(®x) 

fkWl 

3 

4.1 

42 

38-43 

4 

3.2 

26 

26-28 

5 

2.6 

17 

15-18 

Table  1.  One-side  MP  levels  theoretical  (th)  [5]  and 
experimental  [ex]  in  50  SI  line 

II.  COUPLER  PROCESSING  AND 
DECONDITIONING 

Processing  of  the  couplers  (with  the  local  coupler 
vacuum  used  to  control  the  input  power)  proceeds  in  two 
stages  In  the  first  stage  a  pair  of  couplers  is  mounted  on 
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a  resonant  copper  cavity  with  strong  over-coupling.  One 
coupler  is  used  as  input  coupler.  The  second  one  as 
output  coupler  can  be  connected  either  to  a  matched  load 
or  an  adjustable  short  circuit.  Conditioning  takes  in 
general  4-5  days,  starting  manually  to  process  the  low 
levels,  then  using  pulsed  mode  with  pulse  lengths 
between  10  |Lis  and  50  ms  and  a  duty  cycle  around  20  %. 
Finally  ramping  up  and  down  under  computer  control  in 
cycles  of  2-5  minutes  processes  up  to  200  kW. 

A  second  processing  is  necessary  on  the  cold  cavities 
and  generally  done  in  parallel  on  the  couplers  of  a  whole 
module  (four  cavities  in  a  conmion  cryostat).  Initial 
conditioning  has  to  be  repeated  and  again  takes  several 
days  including  pulsed  power  processing  with  peak  fields 
in  the  cavities  reaching  8  MV/m. 

For  couplers  from  the  first  production  lot,  running  at 
nominal  power  on  the  cavities  often  for  only  a  few 
minutes  was  sufficient,  to  erase  the  conditioning  done 
before.  A  reconditioning  period  of  typically  several 
minutes  was  necessary  to  regain  nominal  field.  Also,  for 
a  perfectly  processed  coupler,  the  well  known  levels 
reappeared  after  switching  off  the  RF  for  several  hours. 
These  effects,  called  deconditioning,  were  attributed  to  gas 
getting  trapped  on  the  cold  outer  conductor. 

III.  CERAMIC  WINDOW  IMPROVEMENT 

On  some  of  the  damaged  couplers  traces  of  arcing 
have  been  found  on  the  brazing  between  ceramic  cylinder 
and  Kovar  ferrule,  on  the  RF  contactbetween  Kovar 
ferrule  and  copper  part,  or  on  the  relatively  thick  titanium 
coating  of  the  ceramic  near  to  the  RF  contact  (compared 
to  the  thin  coating  on  the  cylindrical  part).  It  was  also 
observed  that  during  high  power  operation  the  windows 
were  strongly  heated  near  the  Kovar  ferrules 

To  avoid  these  problems  the  following  modifications 
have  been  made:  i)  brazing  completely  penetrating 
through  the  Kovar-ceramic  connection,  ii)  Kovar  ferrules 
machined  at  the  contact  surface  after  brazing  and  welded  to 
the  coupler  under  pressure  to  improve  the  RF  contact, 
iii)  more  homogeneous  titanium  coating  of  the  whole 
ceramic  cylinder  with  a  DC  resistance  decreased  from  500 
MQ  to  10-20  MQ,  iv)  copper  plating  of  the  Kovar 
ferrules  to  reduce  RF  losses,  v)  Improved  air  cooling 
around  the  ceramic  cylinder  and  the  ferrule.  In  fact, 
couplers  equipped  with  the  new  windows  no  longer 
showed  sensitive  heating  up  to  200  kW  travelling  wave. 

In  order  to  permit  even  higher  RF  currents  the 
simple  pressed  contact  has  been  replaced  by  a  spiral 
contact  and  tested  successfully.  But  the  assembly  of  this 
version  is  much  more  complicated  and  delicate. 

However,  even  though  the  improved  windows 
operated  safely  under  these  increased  power  levels,  their 
use  did  not  eliminate  the  deconditioning  phenomenon  and 
further  steps  to  fight  MP  itself  had  to  be  undertaken. 


IV.  MEASURES  AGAINST  MULTIPACTING 

Work  was  done  in  parallel  in  several  areas  and 
although  tests  have  been  done  in  the  warm  and  cold  state 
of  the  coupler,  a  full  beam  test  is  still  pending. 

A  Choice  of  fixed  coupler  version 

Movable  couplers  are  attractive  because  i)  they  allow 
a  measurement  of  the  Q  versus  E  curve  of  a  cavity 
without  having  to  break  the  cavity  vacuum  and  ii)  they 
can  precisely  match  to  a  wide  range  of  cavity  voltages, 
beam  intensities  and  stable  phases.  Unfortunately,  due  to 
the  restricted  space  in  the  LEP  tunnel,  the  choke 
necessary  in  the  movable  coupler  had  to  be  folded  back 
into  the  coupler  (25  Q  line).  With  this  geometry  two 
additional  MP  levels  appear.  The  extra  risk  associated 
with  these  levels  was  felt  to  be  unacceptable  and  the 
movable  coupler  version  was  abandoned  for  the  series 
production.  Note  that  coarse  estimates  of  the  cavity  Q  can 
be  obtained  by  cryogenic  methods  and  that  imperfect 
matching  essentially  results  in  higher  fields  in  the 
coupler.  But  even  at  200  kW  both  types  of  couplers  are 
operated  far  below  any  electric  field  breakdown  limit  [7]. 

B  Improvement  of  the  surface 

As  shown  by  the  simulations,  the  MP  takes  place  on 
the  outer  conductor.  The  corresponding  line  piece  is 
double  walled  to  allow  He-gas  cooling.  The  original 
work-piece,  called  ‘extension’,  was  produced  from  roUed 
and  welded  sheet-metal,  the  welding  making  it  difficult  to 
obtain  a  smooth  surface.  Therefore  the  new  extensions  are 
now  produced  —  including  vacuum  flanges  —  from  a 
single  stainless  steel  forging  thus  avoiding  welding  or 
brazing  in  critical  areas. 

The  inner  surface  of  the  extension  has  to  be  copper 
plated  to  reduce  RF  heating.  The  original  fabrication  used 
‘standard’  galvanic  deposition.  To  improve  the  quality  of 
the  surface  avoiding  possible  traps  for  gas,  two  methods 
were  tried  in  parallel.  One  uses  a  galvanic  deposition  with 
pulsed  current  showing  a  smoother  surface;  tests  allowed 
faster  MP  processing  in  the  warm  state.  The  second 
deposits  copper  by  sputtering  [8];  test  showed  faster  MP 
processing  in  the  warm  but  a  tedious  one  on  the  cold 
cavities.  A  version  with  improved  gas  cooling  also 
showed  good  results  on  a  cold  cavity.  Tests  of  a  sputtered 
extension  submitted  to  water  rinsing  are  under  way. 
Titanium  coating  of  the  extensions  has  also  been  tried, 
but  was  not  successful. 

Furthermore,  an  apparatus  to  measure  the  secondary 
emission  coefficient  between  1/10  and  2000  eV  was 
constructed  and  usedfor  measurements  on  copper  and 
titanium  layer  specimen. 

C.  Change  of  antenna  diameter 

A  geometrical  modification  [7]  was  done  in  changing 
the  antenna  line  impedance.  For  impedances  of  50  12  and 
higher,  the  multipacting  is  'running’  only  on  the  outer 
conductor.- By  reducing  the  inner  conductor  diameter  and 
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scaling  the  RF  voltage  proportionally  to  the  line 
impedance  one  leaves  the  fieldmap  in  the  outer  coacial 
region  unchanged.  This  fact  was  used  to  transfer  the  MP 
levels  to  higher  powers  by  reducing  the  standard  antenna 
diameter  of  44.8  mm  (50  Q)  to  30  mm  (75  Q),  thus 
shifting  the  levels  up  by  50%  in  power  [7].  A  further 
decrease  of  the  diameter  is  not  considered  due  to  increased 
mechanical  and  thermal  problems. 

Measurements  confirmed  this  approach:  the  same 
MP  levels  appeared,  but  at  correspondingly  higher  power, 
thus  giving  more  margin  for  operation.  The  RF  currents 
near  the  ceramic  window  are  also  reduced,  compared  to  the 
50  Q  case,  thus  permitting  the  use  of  the  simple  pressed 
contact.  All  future  couplers  will  be  of  the  75  Q  type. 

D.  Eccentric  Coupler 

Simulations  [9]  showed  that  with  an  eccentric 
antenna  the  MP  tracks  run  around  the  outer  conductor 
towards  the  wider  gap.  Tracks  coming  from  the  smaller 
gap  are  stopped  after  only  a  few  impacts  due  to  the 
changing  conditions.  It  was  hoped  that  tracks  starting 
close  to  the  wide  gap  would  be  concentrated  on  a  small 
strip  which  would  clean  more  easily. 

A  pair  of  such  75  Q  couplers  with  4  mm 
eccentricity  were  built  and  tested  on  the  warm  stand. 
Their  behaviour  was  not  better  than  the  average  standard 
coupler.  Due  to  the  more  complicated  fabrication,  the  idea 
was  abandoned. 

E.  Injection  of  Perturbing  RF 

To  break  the  resonant  kinematic  conditions  of  MP,  a 
perturbing  RF  voltage  can  be  used.  This  was  realised  by 
adding  power  at  an  incorrelated  frequency  (noise  band  or 
single  frequency).  Since  MP  can  rise  in  a  short  lap  of 
time,  the  injected  frequency  has  to  be  Tar’  away  from  the 
fundamental  one.  An  injection  of  about  2%  RF  power  on 
a  sideband  at  200  kHz  to  1  MHz  frequency  distance 
(klystron  bandwidth  limitation)  was  a  sufficient 
perturbation  to  make  (on  the  warm  test  stand)  MP 
disappear  and  significantly  reduce  it  on  the  cold  cavities. 
Since  the  cavity  bandwidth  is  below  200  Hz,  the  second 
signal  does  not  perturb  the  cavity  voltage 

F.  Electric  DC  bias 

Perturbation  with  static  magnetic  fields  had  already 
been  tested  at  an  early  stage.  Influence  on  the  levels  had 
been  observed  but  suppression  could  not  be  achieved. 

The  coaxial  antenna  geometry  offers  a  relatively 
simple  possibility  to  apply  a  DC  bias  voltage.  It  is 
trivial  that  a  DC  bias  higher  than  the  RF  voltage  will 
inhibit  all  return  paths  for  electrons.  Simulations  [10] 
showed  that  depending  on  polarity  about  -1.5  kV  or  +2.5 
kV  with  respect  to  ground  would  already  be  sufficient  to 
obtain  complete  suppression  up  to  200  kW  of  travelling 
wave  power  (5.5  kV  RF  voltage).  Experimentally  it  was 
found  that  with  +2.5  kV  MP  is  completely  suppressed. 

The  main  problem  of  this  approach  has  been  the 
capacitors  which  are  needed  to  separate  RF  and  DC  paths. 
For  a  first  proof  of  principle  with  a  minimum  of 


modifications.  Mylar  or  Kapton  foils  were  inserted 
between  the  doorknob  and  the  waveguide.  During  the 
practical  tests  on  the  cold  cavities  these  capacitors  showed 
breakdowns  with  a  rate  unacceptable  for  machine 
operation.  The  suspicion  is  that  the  breakdowns  are 
caused  by  sharp  edges  in  the  waveguide  or  by  particles 
introduced  in  the  capacitor  during  mounting  in  the  open 
air  as  it  is  actually  done.  As  an  intermediate  solution 
copper  plated  Kapton  foils  will  be  used.  A  better  version 
is  under  development  using  a  coaxial  capacitor  similar  to 
those  of  the  SPS  tetrode  amplifiers  [11]  and  mounted  in 
a  clean  room. 

To  permit  DC  bias  the  He  gas  cooling  of  the  antenna 
has  been  replaced  by  forced  air  cooling. 

V.  CONCLUSION 

The  RF  window  has  been  improved  to  decrease  the 
window  temperature  and  to  reduce  the  risk  of  breakdowns. 
Several  approaches  to  suppress  or  reduce  MP  in  the  LEP2 
power  coupler  have  been  examined.  The  choice  of  a 
higher  antenna  line  impedance  shifted  MP  levels  up  by 
50%  in  power.  Two  perturbation  methods  have  been 
worked  out:  Injection  of  about  2%  power  on  a  sideband 
several  100  kHz  above  the  normal  RF  frequency  and 
application  of  a  DC  bias  voltage,  achieving  complete 
suppression.  For  the  proof  of  principle  a  simplified 
construction  has  been  used,  the  safe  design  for  machine 
application  is  under  way,  to  be  followed  by  a  large  scale 
beam  line  test. 
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Abstract 

During  the  CEBAF  commissioning  tests  some  of  the 
superconducting  cavities  had  light  emitting  discharges 
(arcing)  which  were  observed  in  the  guard  vacuum  space 
between  a  warm  polymeric  rf  window  and  the  cold  ceramic 
rf  window.  A  dedicated  off-line  test  system  was 
implemented  to  investigate  the  conditions  under  which 
arcing  may  occur  and  to  gain  some  understanding  of  the 
mechanisms  leading  to  this  phenomenon  through  optical 
spectral  analysis.  This  paper  reports  on  the  photoemission 
spectra  observed  during  the  dedicated  tests  on  a  single  cell 
1500MHz  niobium  cavity  with  a  ceramic  window  operated 
at  lOMV/m  and  2  K.  The  light  emission  was  detected 
using  a  spectrometer  with  an  intensified  photodiode  array. 
The  effect  of  moving  the  window  away  from  the  beam  line 
using  a  waveguide  elbow  is  reported. 

1.  INTRODUCTION 

The  CEBAF  accelerator  system  uses  338  super¬ 
conducting  niobium  cavity  assemblies  at  2  K  to  provide  a 
continuous  electron  beam  of  200  pA  and  4  GeV  after  5 
recirculations  through  2  anti-parallel  linear  accelerators. 
Each  cavity  is  equipped  with  a  ceramic  rf  window  located 
in  the  input  coupler  waveguide  7.6  cm  away  from  the  beam 
axis.  This  window  hermetically  seals  the  sensitive 
superconducting  surfaces  against  the  waveguide  guard 
vacuum  in  line  with  the  5  kW  klystrons.  The  CEBAF  rf 
windows  are  presently  made  from  a  high-purity  (99.9%) 
polycrystal-line  aluminum  oxide  (AI2O3)  sheet  of 
dimensions  13.3  cm  x  2.5  cm  x  0.4  cm  thick,  which  is 
brazed  to  a  thin  niobium  foil  frame  that  is  in  turn  electron 
beam  welded  to  a  solid  niobium  frame  for  connection  to  the 
waveguide  system  in  a  bolted  flange  joint.  This  window 
separates  the  cavity  vacuum  space  from  the  guard  vacuum 
space  which  is  separated  from  the  pressurized  waveguide 
by  a  room  temperature  polyethylene  window.  During  the 
commissioning  of  the  accelerator  many  of  the  cavities  were 
limited  by  frequent  (more  than  once  per  day)  waveguide 
vacuum  discharge  trips  which  were  detected  by  a 
photomulitplier  tube  and  caused  operation  of  the  machine 
to  be  interrupted.  In  most  instances  the  operating  field 
levels  at  which  this  occurred  was  in  excess  of  the  specified 
operating  level  of  5  MV/m.  To  reliably  obtain  the  design 
value  of  400  MeV  linacs,  the  maximum  field  obtained  in 
46  of  the  cavities  were  limited  by  arcing.  Furthermore,  17 
cavities  were  reduced  below  5MV/m  because  of  arcing. 
Increasing  the  machine  energy  above  the  design  value  of 
4GeV  will  require  that  more  cavities  be  operated  at  levels 
at  which  arcing  may  become  a  problem.  Because  of  the 
desire  for  a  6  GeV  to  10  GeV  upgrade  in  the  future,  a  better 
understanding  of  the  phenomena  is  required. 

*  Supported  by  U.S.DOE  Contract  DE-AC05-84-ER40150 


11.  BACKGROUND 

These  arcing  phenomena  have  been  investigated 
during  the  past  three  years  and  several  reports  have  been 
published  describing  the  results  [1-7].  Two  basic 
phenomena  have  been  observed  which  are  interpreted  to  be 
vacuum  discharge  phenomena  [1-4].  In  one  type  of  event, 
the  stored  energy,  as  measured  by  the  transmitted  power 
signal,  is  fully  dissipated  in  less  than  5|is.  This  is 
accompanied  by  a  large,  short  duration  X-ray  pulse  of 
approximately  500kRad/hr  for  less  than  5|J,s  and  a  short 
intense  light  pulse  which  is  detected  at  the  beam  pipe  and 
on  both  the  cavity  and  waveguide  side  of  the  ceramic 
window.  This  class  of  phenomena,  which  we  call 
"electronic  quenches,"  are  interpreted  as  the  effects 
produced  by  the  sudden  injection  or  liberation  of  a  large 
number  of  electrons  into  the  cavity.  The  electrons  and  their 
secondaries  quickly  absorb  the  rf  energy  stored  in  the 
cavity  and  produce  an  intense  bremsstrahlung  pulse  as  they 
strike  the  cavity  wall,  beam  pipe,  or  endplate. 

In  the  second  type  of  event,  the  cavity  stored  energy  is 
dissipated  in  several  hundred  microseconds  (typically 
500|is)  and  there  is  a  substantial  rise  in  the  pressure  of  the 
guard  vacuum.  During  this  time  light  is  observed  in  the 
waveguide  vacuum  space.  When  the  cavity  energy  reaches 
a  minimal  level  the  discharge  is  extinguished.  This  type  of 
event  is  interpreted  as  a  discharge  occurring  in  the 
window/rf-coupler  region  which  is  sustained  by  the  stored 
energy  in  the  cavity.  It  has  been  observed  that  the 
discharge  may  be  sustained  indefinitely  by  rf  energy 
supplied  by  a  2  kW  klystron  [2].  The  light  emission  during 
this  type  of  discharge  has  three  different  temporal  phases. 
During  the  first  5  ps  a  relatively  large  light  pulse,  which 
has  the  same  temporal  and  spectral  characteristics  as  that  of 
an  electronic  quench,  is  observed.  For  the  next  500  ps  an 
emission,  which  has  distinctly  different  spectral 
characteristics  from  an  electronic  quench,  is  observed. 
This  is  followed  by  a  long  tail,  which  has  similarities  to  the 
long  decay  tail  of  the  electronic  quench.  [3] 

III.  EXPERIMENTAL  STUDIES 

In  an  effort  to  better  understand  the  arcing 
phenomena,  off-line  spectroscopic  studies  of  the  light 
emitted  by  the  discharge  have  been  performed.  The  basic 
experimental  setup  which  used  a  single  cell  cavity  is  shown 
in  Figurel.  The  light  produced  in  the  waveguide  vacuum 
space  was  monitored  through  a  sapphire  viewport  mounted 
on  the  coax-to-waveguide  adapter.  This  light  was 
transmitted  from  the  viewport  to  a  PMT  and,  through  a 
300ns  optical  delay  line,  to  0.275m  spectrometer. 
Commercial  grade  acrylic  fibers  which  provide  reasonable 
transmission  from  350nm  to  720nm  [1]  were  used  as  an 
optical  media.  The  spectrometer  configured  with  a  990 
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element  intensified  photodiode  array  which  allowed  the 
available  spectrum  to  be  recorded  with  0.6  nm  resolution. 
Absolute  precision  was  verified  using  a  mercury  vapor 
source.  Through  the  use  of  gating  and  delays  different 
temporal  regions  of  the  discharge  were  examin^. 


Figure  1.  Single-cell  cavity  configurations  showing  (A) 
variable  coax-to-waveguide  adapter,  (B)  fundamental 
power  coupler,  (C)  cold  window  assembly,  (D)  field  probe 
adapters,  (E)  sapphire  view  port,  (F)  optical  fibers, 
(G)optical  delay  line,  (H)  PMT,  (I)  spectrometer  with 
intensified  detector  array,  (J)  rf  cables,  (K)  vacuum 
pumpout  port,  (L)  fixed  coax-to-waveguide  adapter, 
(M)waveguide  elbow. 

A  series  of  three  experiments  were  performed.  In  the 
first  experiment,  a  standard  ceramic  window  configuration 
was  used.  In  the  second,  a  right  angle  elbow  of  about  one- 
half  of  a  wavelength  was  placed  between  the  fundamental 
power  coupler  (FPC)  and  the  same  window  top  hat 
configuration,  see  Figure  1.  In  the  third  experiment,  the 
window  frame  assembly  was  removed  and  a  127  (Lim  sheet 
of  kapton  was  placed  between  the  FPC  and  the  tophat  using 
indium  seals.  The  spectroscopic  data  taken  for  each  of  the 
experiments  is  presented  as  Figure  2.  Each  spectral  plot 
represents  the  average  of  several  (11  to  27)  individual 
spectra.  For  the  purpose  of  identifying  observed  spectral 
lines,  electroluminescence  measurements  were  made  on  the 
ceramic  material.  For  this  experiment,  a  sample  of  the 
ceramic  material  was  placed  in  an  electron  microscope  and 
irradiated  with  a  100  p A  30  keV  beam.  The  emitted  light 
was  collected  and  transmitted  using  UV  grade  fused  silica 
optics  and  fibers.  The  results  of  this  data  is  presented  as 
Figure  3..  Arc  rate  measurements,  presented  as  Figure  4, 
were  taken  for  the  two  ceramic  window  configurations. 
The  standard  position  test  was  performed  both  before  and 
after  the  elbow  experiment  to  insure  that  the  cavity  arcing 
characteristics  were  not  effected  by  the  experiment. 

Discussion 

The  irradiated  alumina  samples.  Figure  3,  show  the 
commonly  present  electroluminescence  spectra  of  alumina 
[9,  10,  11]:  a  Cr+  impurity  line  located  at  694.1nm  and  a 
broad  spectra  centered  at  340nm  caused  by  F-centers.  The 
Cr+  line  was  again  observed  in  the  spectra  of  Figure  2a, 
but,  in  addition  a  line  at  396.  Inm  appeared.  All  of  the 
other  lines  observed  in  the  ceramic  widow  discharges  were 
also  present  in  the  kapton  window  discharge.  The 


hydrogen  lines  and  the  line  located  at  589. 9nm  seem  to  be 
present  independent  of  the  window  material.  These  lines 
are  probably  due  to  desorbed  gasses  which  contribute  to 
sustaining  the  discharge.  The  group  of  unidentified 
spectral  lines  between  375nm  and  500nm  on  the  kapton 
window  are  assumed  to  be  generated  by  the  kapton. 
Further,  occurrence  of  the  aluminum  line  in  the  data  taken 
(1)  (2)  (3)  (4)  (5) 
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Figure  2.  Optical  spectra  of  waveguide  vacuum  discharges 
for  a)  Alumina  window,  800us  gate  b)  Alumina  window,  1 
us  gate,  c)  Alumina  window  with  elbow,  300us  gate,  d) 
kapton  window,  800  us  gate.  Marked  spectral  lines 
indicate  (1)  396. Inm  (Aluminum  [8]),  (2)  486.4nm 
(Hydrogen  [8]),  (3)  589. 9nm  (unknown),  (4)  656.3nm 
(Hydrogen  [8]i  (5)  694.1  (chromium  [9]). 
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Figure  3.  Optical  emission  spectra  from  an  alumina  sample 
irradiated  with  a  lOOpA,  30  keV  electron  source.  The  Cr+ 
line  is  located  at  694.1  nm. 
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Figure  4.  Arc  rate  as  a  function  of  additional  power 
dissipated  due  to  field  emission  for  the  same  ceramic 
window  with  and  without  a  waveguide  elbow  . 


during  the  first  l|xs  of  the  discharge  indicates  that  the 
process  which  generates  it  may  have  a  significant  roll  in  the 
initiation  of  the  discharge.  As  can  be  clearly  seen  in 
Figure4,  the  displacement  of  the  window  further  away 
from  the  beam  axis  significantly  reduces  the  arcing  rate. 
The  absence  of  the  aluminum  line  in  the  spectra  of  these 
discharges  seems  to  indicate  that  the  arcing  phenomenon 
might  be  different  in  nature  than  in  the  standard 
configuration  where  direct  electron  impact  might  be 
involved  in  the  process.  The  spectral  data  taken  during  this 
experiment  show  only  the  hydrogen  lines.  This  further 
indicates  that  the  discharge  process  in  this  configuration  is 
different  than  the  configuration  in  which  the  window  has  a 
direct  line  of  sight  to  the  cavity  vacuum. 

While  the  exact  mechanisms  which  initiate  these 
discharges  are  not  well  understood,  two  mechanisms  which 
contribute  are  x-radiation  and  electron  bombardment  of  the 
ceramic  material.  Theoretical  studies  indicate  that 
secondary  electrons,  created  when  field  emitted  electrons 
from  within  the  cavities  strike  the  irises  adjacent  to  the 
fundamental  power  coupler,  have  trajectories  which  would 
allow  them  to  strike  the  ceramic  window  [12].  An 
additional  source  of  electrons  is  x-radiation  induced 
photoemission.  Electron  currents  on  the  order  of  10  nA  on 
have  been  measured  on  an  isolated  window  frame  assembly 
with  a  correlation  to  field  emission  in  the  cavity.  Some 
current  flow  does  occur  when  there  is  direct  radiation 
through  the  walls  of  the  cavity.  The  introduction  of  a 
waveguide  elbow  between  the  cavity  and  the  window 
reduces  the  measured  currents  [7]. 

IV  CONCLUSIONS 

The  spectra  measured  during  a  waveguide  vacuum  arc 
for  three  different  window  configurations  has  been 
presented.  Several  spectral  lines  have  been  identified. 
Lines  for  aluminum  (396.1  nm)  and  Cr+  (694.1  nm)  have 


been  identified  as  indicators  of  a  possible  arc  initiation 
mechanism  when  the  ceramic  window  is  located  in  the 
standard  position.  Other  observed  spectral  lines  were  also 
present  in  the  discharges  involving  kapton  window  material 
and  a  ceramic  window  in  an  alternate  location. 
Electroluminescence  measurements  were  performed  which 
confirm  the  presence  of  a  Cr+  line  at  694.1  nm  and  a  broad 
F-center  emission  located  at  340  nm  consistent  with 
previously  seen  emission  from  warm  resonant  ring  studies 
[11].  The  location  of  the  window  was  shown  to  have  a 
major  impact  on  arcing  rate.  A  reduction  of  arcing  rate  by 
an  order  of  magnitude  was  seen  when  a  window  was 
separated  from  the  cavity  by  a  half-wave  right  angle 
waveguide  elbow.  More  detailed  work  is  required  to 
understand  the  complex  interdependencies  involved  in  the 
arcing  process. 
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ABSTRACT 

In  order  to  investigate  the  field  emission  and  the 
thermal  breakdown  of  9-cell  TESLA  SRF  cavities,  150 
specially  developed  surface  scanning  thermometers  have 
been  built.  The  description  of  the  thermometers  and  their 
calibration  in  superfluid  helium  are  presented,  A  special 
test  chamber  equipped  with  a  heated  niobium  plate  is  used 
to  study  the  thermometer  thermal  response  versus  the 
heater  power  at  different  bath  temperature.  The  comparison 
of  thermometer  response  with  numerical  simulations  results 
and  experimental  data  obtained  with  reference 
thermometers  mounted  on  the  Nb  plate  using  a  thermal 
bonding  agent,  allows  to  get  an  estimation  of  the 
measurement  efficiency  of  scanning  thermometers. 
Experimental  data  obtained  with  cavities  are  analysed  with 
the  help  of  the  calibration  results  and  numerical 
simulations. 

INTRODUCTION 

The  development  of  He  II  surface  thermometers  for 
diagnosing  and  studying  the  thermal  effects  in 
supercoducting  RF  cavities  has  been  a  major  activity  of  the 
Orsay  Group  during  the  recent  past  years.  Several  papers 
describe  the  different  types  of  thermometers  and  the  main 
experimental  features  :  fixed  thermometers  for  studies  of 
the  anomalous  heating  of  samples  mounted  on  special 
cavities  [1],  scanning  thermometers  for  monocell  cavities 
[2]  and  special  vacuum  thermometers  for  Kapitza 
conductance  measurements  [3]. 

In  this  paper  we  present  the  first  results  of  a  new 
development  in  collaboration  with  the  DESY  laboratory,  for 
constructing  a  diagnostic  system  for  the  9-cell  TESLA 
cavities.  As  compared  to  the  older  devices,  a  large  number 
of  thermometers  (>  100)  are  mounted  around  the  cavity 
which  raises  different  mechanical  and  cabling  problems. 
The  complete  description  and  the  first  results  are  given  in 
an  another  paper  at  this  conference  [5].  In  this  paper  we 
focuse  on  the  calibration  of  the  thermometers  and  the 
thermal  analysis  of  the  first  temperature  mapping  results 
obtained. 

DESCRIPTION 

The  surface  thermometer  design  [Fig.  1]  is  very  close 
to  the  model  developed  earlier  for  the  CERN  group  [2].  The 
sensitive  part  is  an  Allen-Bradley  carbon  resistor  (100 
Ohm,  1/8  W)  housed  in  a  silver  block  with  a  sensor  tip  of 
1  mm  diameter  for  the  thermal  contact  to  the  external 
surface  of  the  cavity.  This  housing  is  thermally  insulated 
against  the  surrounding  He  II  by  an  epoxy  envelope 
(Stycast)  moulded  around  the  silver  block  and  into  a 
bronze  piece  which  allows  the  sensor  mounting  on  the 
rotating  thermometric  arm.  The  thermometers  tip  must 


present  a  good  contact  with  the  cavity  wall  when  scanning: 
two  springs  located  inside  two  holes  in  the  body  of  the 
rotating  arm  are  used  for  this  purpose,  the  contact  pressure 
control  and  adjustement  is  allowed  by  means  of  two  screws. 
Each  thermometer  has  two  independent  manganin  wires 
thermally  anchored  to  the  silver  block  with  ~  15  cm  free 
length  for  connecting  to  each  cell  board  (14  thermometers). 
At  the  level  of  the  boards  the  connectors  ensure  the  cabling 
dispatching  inside  the  cryostat  allowing  the  motion  of  the 
rotating  arm. 


Fig.  1  :  Cross  section  of  a  Hell  surface  thermometer 
CALIBRATION 

Superfluid  helium 

A  representative  batch  (32)  of  the  150  thermometers 
fabricated  for  this  device  were  tested  using  a  special 
calibration  chamber  [1]  allowing  the  mounting  of  16 
thermometers  at  every  test.  In  principle  all  thermomters  are 
located  in  a  region  subjected  to  the  same  heat  flux  density. 
In  this  experiment  the  thermometers  tip  were  glued  to  the 
Nb  heated  plate  by  means  of  a  good  thermal  bonding  agent 
(Apiezon  N  Grease)  in  order  to  verify  the  fabrication 
process.  The  two  thermometers  batches  (2  x  16)  give  a 
mean  thermal  response  <AT>i  =  8.0  mK  and  <AT>2  =  8.8 

mK  respectively  for  a  total  heater  power  of  195  mW  at 
^bath  =  L8  K.  Numerical  simulation  of  the  plate  heater 

assembly  for  the  same  experimental  conditions  gives 
AT  =  56  mK.  This  calculation  was  performed  in  order  to 
evaluate  the  thermometer  efficiency  Tj  defined  as  the  ratio 
of  the  experimental  thermal  response  AT  exp  to  the 
simulated  temperature  jump  ATsim  at  the  Nb  -  He  n 
interface.  In  this  case  we  obtained  7]  =  0.14. 

A  complementary  test  was  performed  by  mounting  the 
thermometers  in  the  real  operating  conditions  of  the 
scanning  device,  (e.g.  without  any  bonding  agent  between 
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the  thermometer  tip  and  the  Nb  wall).  The  results  for  a 
batch  of  13  thermometers  is  presented  in  Fig.  2  at  two 
different  heater  powers  of  1.86  W  and  2.8  W.  A  first  group 
of  thermometers  was  mounted  with  a  contact  pressure  of  ~ 
10  bars  (spring  load  of  80  gr)  giving  <AT>i  §6  =  2.1  mK,  a 

second  group  was  monted  with  a  pressure  of  ~  62  bars 
(spring  load  of  500  gr)  giving  <AT>i  =  6.4  mK.  A  third 

group  of  fixed  thermometers  (e.g.  glued  with  grease,  not 
displayed)  gives  <AT>i  55  =  92  mK.  At  a  higher  power  (2.8 
W)  the  measurements  were  <AT>2.8  =  6.3  mK  (at  a 
pressure  of  10  bars)  and  <AT>2.8  =  16  mK  (at  a  pressure  of 
62  bars).  All  these  results  clearly  show  an  important 
decrease  of  the  measurement  efficiency  when  no  bonding 
agent  is  used  :  T|  is  now  close  to  0.01.  Notice  that  in  this 
case,  the  efficiency  is  heater  power  dependant. 


Pressure  -  500gr 


[5  {2  fS 

Pressure  =  80gr 


Fig.  2  ;  Thermal  response  at  Tjyath  =  1*8  K  (without 
contact  grease) 

Subcooled  helium  I 


seems  to  be  quite  good  considering  all  the  hypothesis  and 
simplifications  adopted  to  calculate  this  thermal  resistance 
in  a  free  convection  bath  with  turbulent  flow  using 
dimensional  analysis.  Anyway  and  as  expected,  the 
comparison  with  superfluid  helium  results  in  terms  of 
thermal  boundary  resistance  (e.g.  Rth  ~  2KA¥/cm2,  Kapitza 
resistance  at  1.8K)  shows  up  the  benefit  of  operating  in 
subcooled  normal  helium.  However,  the  price  to  be  paid  is 
a  reduced  spatial  resolution  and  a  reduced  operating 
accelereting  field  due  to  the  global  cavity  heating. 


g  g  |2 

with  contact  erease 


without  grease  (500  gr) 


^  g 

without  grease  (80  gr) 


Fig.  3  :  Subcooled  normal  helium  test 
2.5  K  <  Tbath  <  3  K 

EXPERIMENTAL  RESULTS 

The  first  experimental  results  using  a  completely 
equipped  rotating  arm  (116  thermometers)  have  been 
obtained  with  a  prototype  TESLA  cavity  (1.3  GHz,  9  cells) 
[5].  This  cavity,  after  a  heat  treatment  at  1400  °C  in  a 
vacuum  furnace,  was  tested  in  a  vertical  cryostat  at  the 
DESY  TTF  facility.  During  the  experiment,  high  power 
processing  (HPP)  was  performed  which  leads  to  an 
important  improvement  of  the  cavity  performances  :  Eacc  = 

20  MV/m  at  Qo  =  2  X  10^  (Qo  at  low  field  >  10^®).  Several 


The  subcooled  helium  bath  obtained  for  temperature 
over  the  %  point  (T>2.2K)  and  a  pressure  of  1  bar  gives  the 
possibility  to  study  heat  losses  in  the  cavity  wall  in  a  far 
less  constrained  mode  than  in  Hell.  In  this  case  the  heat 
transfer  mechanism  is  dominated  by  free  convection 
cooling  (laminar  or  turbulent)  which  induces  the  formation 
of  a  thick  superheated  helium  boundary  layer,  the 
temperature  is  now  quite  easy  to  measure  without  taking 
many  precautions  in  the  mounting  conditions  of  the 
thermometers.  The  calibration  was  made  with  the  same 
thermometer  batch  and  the  same  chamber.  The  results  are 
displayed  in  Fig.  3.  The  same  three  groups  of  thermometers 
were  tested  giving  respectively  <AT>5(}^  =  572  mK, 

<AT>5(}(}g  =  651  mK  and  fixed  =  537  mK  for  a  total 
power  of  146  mW  at  2.5  K.  These  values  show  clearly  a 
rather  insensitivity  to  the  mounting  conditions  and  a  much 
reduced  dispersion  in  each  group  as  compared  to  superfluid 
helium  results.  The  agreement  with  a  previous  published 
equivalent  thermal  resistance  [4]  in  subcooled  helium  at  2.5 
K  is  quite  good  :  the  mean  measured  value  is  R^/j  ~  30 


T-maps  were  recorded  during  the  test  in  superfluid  helium 
bath  (before  and  after  HPP)  and  in  a  subcooled  helium  bath 
(after  HPP). 

a)  Superfluid  He  II  bath 

During  the  first  run,  the  cavity  reach  a  maximum 
accelerating  field  (Eacc)  of  11.2  MV/m  limited  by  a  very 

heavy  field  emission.  The  Qo  decreased  from  >  10^®  at  low 
field  to  8  X  10^  at  the  maximum  field.  A  first  T-map  was 
recorded  at  this  value  exhibiting  very  high  AT  in  the  5^^ 
cell.  The  heated  region  was  very  extended  :  it  concerns  12 
thermometers  of  the  5^^  cell  (Fig.  4)  and  presents  several 
maximums  at  different  angles  between  100  °  and  200  ° 
(Fig.  5).  Very  high  AT  were  measured  (IK  -  3.3  K)  in  this 
cell. 


K/W/cm^  which  is  consistent  with  the  calculated  value  of 
65  K/W/cm^  for  the  same  heater  [4]  power.  This  agreement 
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3.5 


Fig.  4  :  AT  (5th  cell  thermometers)  at  130°  azimuthal 
angle 


Fig.5  ;  AT  (thermometer  #59)  vs.  azimuthal  angle 

The  first  question  raised  by  these  results  is  if  we  may  trust 
the  measurements.  In  order  to  explain  that  a  very  high 
measurement  efficiency  of  the  thermometers  must  be 
considered.  During  the  thermometer  calibration  the 
measurement  efficiency  has  exhibited  a  strong  dependance 
on  the  heat  power  level  :  the  efficiency  is  multiplied  by  2 
when  the  power  is  increased  from  1  to  3  W.  This  is 
completely  different  from  the  behaviour  of  fixed 
thermometer  using  a  thermal  bonding  agent  (Apiezon 
grease)  which  exhibits  a  AT  linearly  proportional  to  the 
heater  power.  Evidence  of  high  AT  measured  in  monocell 
cavities  with  scanning  thermometers  has  been  observed 
many  times.  Values  of  AT  in  the  range  of  100  mK  to  200 
mK  have  been  measured  in  Nb/copper  cavities  at  CERN  [2] 
with  largely  lower  RF  power  levels  (~  2  to  10  W). 

If  we  admit  a  very  good  efficiency  at  the  high  heat 
flux  density  encountered  in  this  cavity,  another 
questionable  point  remains  :  are  such  high  heat  flux  density 
levels  compatible  with  the  critical  heat  flux  in  He  II  ? 
Some  references  on  this  subject  confirms  that  metallic 
heated  plates  in  He  II  exhibit  very  high  AT  (5  to  6  K)  in 
the  Kapitza  regime  before  reaching  the  critical  flux 
inducing  the  transition  to  film  boiling  [6]. 

Extensive  calculations  of  electrons  trajectories  at  11.2 
MV/m  shows  that  emission  sites  located  in  the  proximity  of 
the  iris  of  the  5th  cell  could  explain  such  impacts  in  the 
equator  region  of  this  cell.  The  azimuthal  spreading  of  the 
heated  area  is  more  difficult  to  understand.  Model 
calculations  simulating  a  unique  emitter  site  provocating  a 
rather  thin  electron  impact  along  the  azimuthal  can  explain 
a  smaller  angular  spreading  in  the  cold  face  of  the  cavity. 
To  explain  the  AT  shapes  observed,  a  first  hypothesis  of 
separated  sites  located  in  the  same  cell  at  different  angles 
along  the  iris  must  be  admited.  From  the  point  of  view  of 


the  total  power  involved  in  this  experiment  we  have 
performed  the  integration  of  the  heat  power  density  over  the 
heated  region  : 

Q  =  \jlds-‘S,h^hi,AT„ 
n 

where  Sf^  is  an  estimation  of  the  equivalent  heated  surface 

measured  by  one  thermometer  which  has  been  arbitrarily 
taken  equal  to  the  product  of  the  distance  between  two 
thermometers  and  length  corresponding  to  a  scanning  angle 
of  10°.  hfc  is  the  Kapitza  conductance  at  the  measured  point 

hk  =  HK.f(AT)  =  ho  Tbath^  .  f  (AT/Ttath) 

H  k  =  0.017  T3-62  w/cm^K  [7]. 


This  integration  gives  Q  ~  100  W  which  seems  to 
agree  quite  well  with  the  RF  power  measurements.  The 
power  attributed  to  the  electrons  is  easily  deducted  from 
the  AQo  at  Eacc  =  11.2  MV/m  (AQo  =  lO^^  -  8  x  lO^).  A 
simple  calculation  gives  ^electron  ^  1^0  W.  So,  we  obtain 

values  which  are  of  the  same  order  of  magnitude  :  the 
discrepency  could  be  attributed  to  HK  variations  from  Nb 
sample  to  another  and  to  r|  which  is  not  exactly  1.  This 
good  agreement  could  add  some  confidence  to  the  recorded 
AT.This  strong  field  emission  was  efficiently  treated  by 
HPP  technique  in  the  same  experiment  and  a  very  good 
Eacc  value  was  reached  (20  V/m).  A  T-map  taken  at  17.7 
MV/m  shows  that  the  heating  observed  in  the  5th  cell  has 
disappeared  and  that  some  lower  heating  is  now  measured 
in  the  cells  #5  and  #7  reaching  some  peaks  of  AT  ~50mK 
at  angles  of  100°  and  280°. 


b)  Subcooled  helium  bath 


Several  T-maps  were  performed  in  a  subcooled  Hel 
bath  at  bath  temperature  in  the  range  2.3  -  2.5K  with 

~18  MV/m.  All  the  maps  shows  a  global  heating  (AT)  ~ 
400  mK  of  all  the  cells  and  some  scattered  hot  points  in 
cells  #  5  and  #  7.  It  is  interesting  to  compare  this  measured 
values  with  the  results  obtained  during  the  calibration  :  the 
surface  resistance  (Rbcs  +  ^residual)  ^  wall  temperature 
of  3  K  is  estimated  to  be  R5  =  150  nQ.  In  the  equator 


region  of  the  cells  the  surface  magnetic  field  corresponding 
to  Eacc  =  18  MV/m  can  be  computed  :  Hs  s  6.10"^  A/m. 
Then  the  heat  flux  density  in  this  area  is  calculated  : 


<is 


=  21  mW  /  cm^ .  Considering  the 


equivalent 


thermal  resistance  measured  during  the  calibration  tests  in 
subcooled  helium  (  R^/i  ~  30  K/W/cm^)  we  can  estimate 


the  resulting  heating  :  AT  ~  800  mK.  This  is  a  good 
agreement  with  the  measured  values  when  we  take  into 
account  all  the  simplifications  adopted  to  perform  this 
estimation  the  thermal  resistance  depends  on  the  heated 
surface  orientation  with  respect  to  the  vertical  (buoyancy 
force). 
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Abstract 

In  order  to  apply  high-Tc  material  to  a  real  accelerator  cavity, 
it  may  be  indispensable  that  the  material  is  deposited  on  metal 
substrate.  It  is  now  possible  to  align  the  c  axis  of  YBa2Cu30y 
(YBCO)  film  perpendicular  to  a  metal  surface.  Furthermore,  the 
constituent  crystals  can  be  in-plane  aligned  with  a  laser  ablation 
technique  following  the  formation  of  yttria-stabilized-zirconia 
(YSZ)  buffer  layer  of  controlled  grain  orientation.  Using  a  de¬ 
mountable  copper  cavity  operated  at  13  GHz  in  the  TEqu  mode, 
the  microwave  surface  resistance  was  measured  over  a  tempera¬ 
ture  range  from  11  K  to  300  K. 

L  INTRODUCTION 

Since  the  discovery  of  a  high-Tc  superconductivity,  the  possi¬ 
bility  to  use  a  high-Tc  material  to  an  accelerator  cavity  has  been 
discussed.  For  high-power  accelerator  cavities,  not  only  must 
high-Tc  films  be  deposited  onto  large-area  substrates  of  complex 
shape,  but  the  use  of  metallic  substrates  of  high  thermal  conduc¬ 
tivity  is  also  essential.  As  the  thermal  conductivity  of  high-Tc 
materials  is  rather  low[l],  heat  must  be  released  to  keep  the  film 
in  a  superconducting  state  even  under  a  high  field. 

In  KEK  we  have  been  involved[2]  in  developing  thick  high- 
Tc  films  of  YBCO  or  BisSrsCaCuaOj;.  The  YBCO  films  were 
prepared  through  a  low-pressure  plasma-spraying  technique  and 
melt-reaction  process  either  on  silver  substrate  or  nickel-plated 
copper  substrate.  The  Bi2Sr2CaCu20y  films  were  prepared  ei¬ 
ther  by  a  screen-printing  or  spraying  method  either  on  silver  sub¬ 
strate  or  silver-plated  copper  substrate.  The  microwave  surface 
resistances  were  measured  using  a  demountable  cylindrical  cav¬ 
ity  made  of  copper  at  3  GHz  in  the  TEqu  mode.  The  surface  re¬ 
sistance  of  YBCO  film  on  a  silver  end  plate  was  0.2  mf)  at  20  K. 
However,  the  preparation  of  well-controlled  surface  of  this  size 
(the  diameter  and  length  is  150mm  and  84mm,  respectively)  is 
expensive,  time-consuming  and  not  necessarily  successful. 

Therefore  we  made  another  demountable  cavity  operated  at 
13  GHz  of  the  same  mode.  It  was  cooled  by  a  compact  refrig¬ 
erator  and  temperature-controlled  from  11  K  up  to  the  room- 
temperature.  The  high-Tc  films  were  formed  by  a  laser-ablation 
method  on  well-controlled  YSZ  layer.  The  surface  resistances  of 
the  samples  were  found  from  the  measured  quality  factors  fol¬ 
lowing  the  same  procedure  as  before[2].  However,  as  the  reflec¬ 
tion  at  13  GHz  was  more  severe  and  temperature-dependent  than 
that  at  3  GHz,  we  were  required  to  be  more  cautious  in  measur¬ 
ing  the  rf  parameters. 


IL  FABRICATION  OF  FILMS 

An  YSZ/Cr  film  was  used  as  buffer  layer  for  the  deposition  of 
YBCO  on  copper  substrates.  The  Cr  underlayer  was  found  to  be 
essential  to  protect  copper  against  oxidation,  resulting  in  good 
adhesion  of  the  YSZ  layer  on  copper.  Copper  substrates,  36-mm 
dia.  disk  with  a  thickness  of  3  mm,  were  polished  to  a  mirror 
finish.  They  were  then  ion-plated  with  the  Cr  layer  of  about  0.5 
//m,  subsequently  sputter-deposited  with  the  YSZ  buffer  layer  of 
as  thick  as  0.8  //m. 

The  grain  orientation  of  YSZ  layer  was  controlled  using  a 
modified  bias  sputtering  technique.  The  technological  funda¬ 
mentals  of  this  method  were  reported  elsewhere  [3],  [4],  [5]. 


Figure  1 .  The  configuration  of  electrodes. 

Figure  1  shows  a  pair  of  specially  devised  electrodes  installed 
in  the  sputtering  system.  Using  this  equipment,  we  made  an  at¬ 
tempt  to  obtain  YSZ  films  with  in-plane  texturing  over  the  whole 
surface  of  the  sample.  In  brief,  the  films  grown  without  the  bi¬ 
ased  electrodes  showed  a  poor  crystallinity  and  random  orienta¬ 
tion.  In  contrast,  when  a  negative  d.c.  bias  of  200  V  was  applied 
both  to  the  substrate  holder  and  auxiliary  electrodes,  an  appar¬ 
ent  in-plane  texture  occurred  in  the  films.  However,  the  degree 
of  in-plane  texturing  varied  depending  upon  the  sample  position; 
films  grown  on  the  part  of  of  the  substrate  located  directly  above 
the  center  between  the  two  auxiliary  electrode  plates,  showed 
comparatively  poor  texture.  This  is  because  glancing  angle  ion 
bombardment  during  deposition  is  one  of  the  requirements  for 
the  achievement  of  in-plane  texturing.  However,  at  this  area, 
Ar+  ions  impinge  on  a  film  not  obliquely  but  at  almost  right  an¬ 
gles.  In  order  to  avoid  the  growth  of  this  poorly-oriented  film, 
masks  made  of  zirconium  tape  were  placed  at  these  positions, 
as  illustrated  in  Fig.l.  In  addition,  we  incorporated  a  movable 
substrate  holder  electrode  which  enabled  us  to  slide  the  substrate 
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horizontally  during  deposition.  After  a  definite  time  of  deposi¬ 
tion,  the  substrate  was  moved  horizontally  so  that  a  film  with  in¬ 
plane  texturing  could  grow  on  the  masked  area.  Consequently 
the  whole  area  of  the  substrate  was  successfully  covered  with 
in-plane  textured  YSZ  thin  films.  We  call  this  method  "masked 
and  moved"  deposition  mode.  In  contrast  to  this,  the  films  grown 
under  "maskless  and  fixed"  mode  exhibited  poor  texturing  from 
place  to  place.  In  the  present  paper,  we  characterize  YSZ  buffer 
layers  as  "untextured",  "partially  in-plane  textured",  and  "in¬ 
plane  textured",  each  corresponding  to  the  films  grown  under 
(1)  unbias-sputtering  mode,  (2)"maskless  and  fixed"  deposition 
mode,  and  (3)"masked  and  moved"  deposition  mode,  respec¬ 
tively. 

The  copper  substrates  thus  precoated  with  YSZ/Cr  buffer 
layer  were  used  for  deposition  of  YBCO  films  using  the  laser  ab¬ 
lation  technique[5].  In  order  to  obtain  uniform  large  area  YBCO 
films,  the  mirror  was  oscillated  so  that  an  excimer  laser  beam  re¬ 
flected  from  the  mirror  could  be  scanned  on  the  rotating  target 
surface.  However,  the  film  thickness  was  distributed  on  the  en¬ 
tire  substrate  between  1.5  and  2  /im.  Figure  2(a)  shows  the  pole 


Figure  3.  Resistance  vs  T  of  YBCO  films  grown  on  (a) 
in-plane  textured,  (b)  untextured,  YSZ  buffer  layers  and  (c) 
(lOO)MgO. 


Figure  2.  Pole  figure  for  (a)  in-plane  aligned  YBCO,(b)  in-plane 
non-aligned  YBCO  films. 

figure  for  (103)  peaks  of  the  YBCO  films  deposited  on  the  in¬ 
plane  textured  YSZ  buffer  layer.  From  this  figure,  we  can  see 
that  the  c  axis  of  the  YBCO  films  was  oriented  normal  to  the  sub¬ 
strate,  and  the  a  and  b  axes  were  aligned  to  the  YSZ  [1 10]  axis  at 
the  interface  of  the  films  (designated  as  in-plane  aligned  YBCO). 
Figure  2(b)  shows  the  pole  figure  for  the  YBCO  film  grown  on 
untextured  YSZ  buffer  layer.  The  c  axis  of  the  YBCO  film  was 
aligned  perpendicular  to  the  surface,  but  the  others  were  dis¬ 
tributed  randomly  (designated  as  in-plane  non-aligned  YBCO). 
Figure  3  shows  resistance-vs-temperature 

curves  of  YBCO  films  deposited  on  (a)  untextured-  and  (b) 
textured-YSZ  buffer  layers,  together  with  that  (c)  of  YBCO  film 
grown  on  (lOO)MgO  for  comparison.  This  figure  reveals  that 
both  YBCO  films  on  the  YSZ  buffer  layers  have  zero-resistance 
temperature  Tco  of  about  86  K.  On  the  other  hand,  YBCO  film 
on  (lOO)MgO  exhibited  the  Tco  of  88.5  K  and  the  resistance 
curve  can  be  extrapolated  to  the  origin.  These  results  indicate 
that  the  formation  of  the  proper  buffer  layer  can  further  improve 
the  superconducting  properties  of  polycrystalline  YBCO  films 
on  copper  substrates.  Transport  Jc  was  measured  using  a  four- 
point  probe  technique.  The  film  grown  on  in-plane  textured  Y SZ 
buffer  layer  gave  Jc  of  1.0  x  10^  A/cm^,  whereas  a  comparable 


film  on  a  partially  in-plane  textured  YSZ  buffer  layer  had  a  Jc  of 
5.2  X  10"^  A/cm^  at  zero  field  and  77K.  This  result  indicated  that 
the  growth  quality  of  YSZ  buffer  layers  was  found  to  determine 
the  texture  of  subsequently  grown  YBCO  films. 

III.  MEASUREMENT  OF  THE  SURFACE 
RESISTANCE 

Figure  4  shows  the  experimental  set-up  for  microwave  surface 
impedance  measurements  using  a  13  GHz  cavity.  The  diameter 
2a  is  30  mm  and  the  length  I  is  also  30  mm.  It  consists  of  a  cop¬ 
per  host  cavity  and  a  copper  end-plate.  The  end-plate  is  a  disk 
with  36  mm  diameter  and  3  mm  thickness  and  is  substituted  with 
one  covered  with  high-Tc  film.  The  temperature  of  the  cavity  is 
controlled  from  11  K  to  300  K  with  a  closed-cycle  refrigerator 
and  a  50  W  heater.  As  the  coupling  constants  change  dramati¬ 
cally  during  temperature  rise,  we  can  adjust  them  from  outside 
the  vacuum  chamber.  With  a  constant  temperature  step,  we  mea¬ 
sure  the  resonant  frequency,  quality  factor  Ql  and  coupling  con¬ 
stant  /?i  and  (32  of  the  two  coupling  ports.  As  the  reflections  from 
components  change  during  the  temperature  increase,  the  reflec¬ 
tion  coefficients  are  calculated  by  fitting  their  background  with 
an  order-two  polynimal. 

Initially  the  unloaded  quality  factor  Qo,c(T)  of  the  copper 
cavity  is  measured  as  a  function  of  temperature  T,  and  the  sur¬ 
face  resistance  of  copper  Rs^c(T)  is  calculated.  Then  the  end- 
plate  is  replaced  by  one  covered  with  a  YBCO  film,  and  the  un¬ 
loaded  quality  factor  Qo,s(T')  is  measured.  Using  these  quality 
factors  and  two  geometrical  factors  k  and  c,  the  surface  resis¬ 
tance  Rs{T)  of  the  film  at  temperature  T  is  given  by 

i?s(T)/i^s,c(T)  =  ^(Qo,c(T)/Qo.s(T)  -  c).  (1) 

For  a  =  15mm  and  I  =  30mm,  we  have  k  =  13.903  and  c  == 
0.92808. 
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Figure  4.  Experimental  set-up  for  microwave  surface  resistance. 


IV.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

Fig.5  shows  the  surface  resistance  of  the  copper  Rs,c  (T)  com¬ 
posing  the  host  cavity.  The  value  below  32.7  K  falles  less  than 
10  mQ  and  remains  almost  constant.  The  value  measured  for  the 
3  GHz  cavity  is  also  shown. 

As  the  input  power  to  the  cavity  is  small,  the  rf  losses  observed 
in  high-Tc  materials  are  explained  by  a  model  of  Josephson  cou¬ 
pling  between  the  superconducting  grains .  The  thick  solid  line  in 
Fig.6  shows  the  surface  resistance  of  the  in-plane  aligned  YBCO 
film  and  the  thick  dotted  line  shows  that  of  the  copper.  The  sur¬ 
face  resistance  of  the  sample  below  71.5  K  is  lower  than  that  of 
copper  and  around  1  mQ  below  45  K.  As  the  surface  resistance 
of  the  material  decreases  below  than  that  of  the  copper,  the  rel¬ 
ative  error  increases  as  described  in  Ref. 2.  Thus  with  a  copper 
host  cavity,  the  absolute  measurement  of  a  low  surface  resistance 
is  substantially  inappropriate.  Meanwhile  it  has  an  advantage  in 
measuring  a  surface  resistance  with  the  same  order  of  copper  and 
for  a  wide  temperature  range.  Note  that  the  situation  can  be  im¬ 
proved  to  some  extent,  if  we  change  the  geometrical  factors. 

Before  long  the  properties  of  the  samples  would  be  clarified 
through  the  analysis  of  the  data  and  will  be  reported  elsewhere. 
We  can  also  obtain  the  complex  impedance  through  the  data 
analysis. 


Figure  5.  Microwave  surface  resistance  of  copper  at  3  and  13 
GHz. 


0  50  100  150  200  250  300 

Temperature  (K) 


Figure  6.  Microwave  surface  resistance  and  quality  factor  of  the 
in-plane  aligned  YBCO  film  as  well  as  those  of  the  copper. 
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Abstract 

Results  of  transverse  impedance  measurement  using  image  cur¬ 
rent  are  reported.  The  results  show  that  this  technique  can  be 
used  up  to  frequency  of  3.9  GHz  and  high  Q  of  3300. 


1.  Introduction 

The  transverse  coupling  impedance  is  a  measure  of  the  interac¬ 
tion  between  the  beam  and  deflecting  modes  (TMino )  in  acceler¬ 
ator  cavities.  Two- wire  and  bead-pull  techniques  are  usually  em¬ 
ployed  for  the  measurement  of  transverse  coupling  impedance. 
The  principle  of  the  wire  technique  is  to  insert  wires  into  cav¬ 
ities  and  beam  line  components  to  transform  them  into  trans¬ 
mission  lines  and  measure  the  scattering  parameters.  Coupling 
impedances  (longitudinal  or  transverse)  are  extracted  from  S 
parameters  [1].  For  longitudinal  coupling  impedance  measure¬ 
ment,  a  single  wire  is  inserted  in  the  center  of  cavities  and  beam 
components  to  form  a  coaxial  transmission  line.  For  transverse 
coupling  impedance,  two  off-center  wires  are  inserted  to  form 
a  balanced-two- wire  transmission  line  and  a  180  degree,  3  db 
power  splitter  (hybrid)  is  used  to  excite  TMino  modes.  In  ad¬ 
dition  to  error  sources  in  the  one-wire  (center  wire)  technique, 
the  two-wire  technique  has  more  error  sources.  First,  the  power 
splitter  causes  phase  and  amplitude  errors.  Although  amplitude 
differences  from  two  output  ports  of  power  splitters  are  usually 
small,  phase  differences  of  0-12  degrees  over  0-2  GHz  range  are 
common  among  commercial  power  splitters.  Second,  phase  and 
amplitude  errors  are  introduced  by  geometric  factors  of  the  two 
wires.  In  practice  the  two  wires  may  not  be  perfectly  parallel 
to  each  other  and  the  distances  between  the  symmetric  plane 
and  the  two  wires  may  not  be  the  same  along  the  wires.  These 
geometric  factors  can  easily  introduce  about  5%  amplitude  and 
phase  distortions.  Third,  unavoidable  differences  of  electrical 
lengths  between  two  wires  due  to  non-identical  connections  and 
matching  components  etc.  produce  phase  differences  between 
the  two  wires.  In  order  to  avoid  the  aforementioned  error  sources 
and  improve  the  two- wire  technique,  measurements  using  image 
current  have  been  done.  This  technique  uses  an  off-center  wire 
and  half-cylindrical  structure  covered  with  a  conductive  plate 
which  serves  as  a  mirror  plane  (Fig.  1.)  Since  the  image  current 
plays  the  role  of  the  second  wire,  the  error  sources  due  to  the 
differences  between  two  wires  are  minimized.  The  error  sources 
from  the  power  splitter  are  eliminated  since  a  power  splitter  is 
no  longer  needed. 

*Work  supported  in  part  by  DOE 
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(1)  (2) 

Figure  1:  (1)  Whole  cavity  with  two  wires  and  hybrids, 
(2)  Half  of  (1)  without  hybrids. 


II.  Measurement  Procedure 
II.l.  Test  Apparatus 

To  use  the  image  current  method,  an  half  cylindrical  (pill¬ 
box)  aluminum  cavity  with  beam  pipe  was  built.  The  length  of 
the  cavity  was  1.575  cm.  The  radius  of  the  cavity  was  12.057 
cm.  The  radius  of  the  beam  pipe  was  1.740  cm.  The  beam 
pipe  and  other  required  components  such  as  reference  lines  and 
calibration  standards  (will  be  discussed  later)  were  made  ina 
half-cylindrical  configuration,  A  copper  plate  was  mounted  on 
the  half  cylindrical  structure  at  the  cut  plane  and  covered  the  total 
length  of  the  structure.  A  single  wire  was  inserted  into  the  pipe 
and  cavity.The  space  between  the  wire  and  the  copper  plate  could 
be  adjusted.  The  radius  of  the  wire  was  0.0114  cm.  To  stretch 
the  wire  and  connect  this  type  of  transmission  line  to  the  ordinary 
coaxial  cables  which  are  connected  to  the  network  analyzer,  a 
pair  of  half  cylindrical  matching  sections  were  made.  The  end 
of  each  matching  section  was  sealed  by  a  detachable  aluminum 
block  (end  block).  A  pair  of  semi-rigid  coaxial  cables  were  in¬ 
serted  through  the  end  blocks.  The  wire  was  soldered  onto  the 
inner  conductors  of  these  cables.  Resistive  matching  was  used  to 
reduce  the  reflection  from  the  mismatch  between  matching  sec¬ 
tions  and  semi-rigid  coaxial  cables.  The  drawback  of  resistive 
matching  is  that  magnitudes  of  signals  become  much  smaller. 
Also  at  high  frequencies,  resistive  matching  is  not  effective.  In 
order  to  get  reliable  results,  it  is  critical  that  all  parts  which  have 
to  be  disconnected  and  re-connected  during  the  process  of  cali¬ 
bration  or  measurement  must  have  high  repeatability.  To  ensure 
good  repeatability,  special  measures  have  been  taken.  First,  the 
design  of  detachable  end  blocks  of  the  matching  sections  allows 
the  wire,  the  resistive  matching  parts,  the  end  blocks  and  the 
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coaxial  cables  to  be  moved  together  from  the  DUT  (device  un¬ 
der  test)  to  reference  lines.  This  feature  reduces  the  number  of 
times  necessary  to  disconnect  wires,  resistors  and  connectors  be¬ 
tween  matching  sections  and  measurement  cables.  Second,  the 
cavity  and  its  attached  beam  pipe,  the  reference  and  calibration 
transmission  lines  can  be  opened  by  detaching  the  copper  plate. 
As  a  result  of  this  feature,  the  process  of  stretching  wires  and 
soldering  resistors  for  resistive  matching  can  be  controlled  more 
precisely  than  in  a  closed  structure. 

II.2.  Calculation  of  impedance 

The  calculation  of  impedance  from  S  parameters  of  a  trans¬ 
mission  line  (reference  line)  and  a  cavity  inserted  with  a  wire 
has  been  discussed  in  several  publications  [1]  which  is  outlined 
as  follows.  Since  our  cavity  is  short,  a  lumped  impedance  ap¬ 
proximation  may  be  used.  The  shunt  impedance  of  the  cavity  is 
calculated  as: 


bi 

b2 


=  [S] 


The  R  matrix  and  S  matrix  are  related  by: 


(4) 


^11 

1 


(5) 


From  the  definition  of  R  matrix,  the  R  matrix  measured  at 
network  analyzer  reference  planes,  [Rm],  can  be  expressed  as: 


[Rm]  —  [Ra]  [Rdut]  [Rb]  (6) 

where  the  [Ra],  [Rb]  and  [Rdut]  are  the  wave  cascade  matrcies 
of  error  boxes  A,  B  and  DUT  respectively. 

If  [Ra]  and  [Rb]  are  known,  [Rdut]  can  be  obtained  through  (6) 
and  the  S  parameters  of  DUT  can  be  calculated  through  (5). 


Z  =  2Zo(|^-l)  (1) 

\  ^21cav  / 

where  S2icav  and  S2iref  are  the  S21  parameters  of  a  transmis¬ 
sion  line  with  and  without  cavity  respectively  while  keeping  the 
same  total  length.  Zq  is  the  characteristic  impedance  of  the  trans¬ 
mission  line.  The  transverse  impedance  of  dipole  modes  can  be 
deduced  from  the  shunt  impedance  as: 


Error 
Box  A 

DUT 

Error 
Box  b 

A 

H 

LI 

H 

B 

H  l2  H 


II  SHORTS  II 

A,B:  reference  planes  of  network  analyzer 


Figure  2.  Measurement  and  calibration  models. 

II.3.  De-embedding  procedure 

The  S  parameters  of  a  device  under  test  (DUT)  are  de-  em¬ 
bedded  from  the  S  parameters  measured  at  the  reference  planes 
of  the  network  analyzer  as  follows.  Shown  in  Figure  2  are  the 
models  of  what  is  measured  by  a  network  analyzer  at  its  refer¬ 
ence  planes.  The  wave  cascade  matrix  R  of  a  two  port  network 
is  defined  as: 

where  ai  and  a2  are  incident  waves  at  ports  1  and  2,  bi  and 
b2  are  emergent  waves  at  ports  1  and  2  respectively.  The  S 
parameter  matrix  S  of  a  two  port  network  is  defined  as: 


IL4.  Calibration  Procedure 

To  obtain  [Ra]  and  [Rb] ,  the  “generalized  through-reflect- 
line”  calibration  procedure  is  used  [2]  [3].  This  calibration  algo¬ 
rithm  requires  two  lengths  of  transmission  lines  and  two  equal 
reflects  (shorts)  of  unknown  reflection  coefficients.  In  order  to 
ensure  the  accuracy  of  the  calibration,  the  phase  difference  be¬ 
tween  these  two  transmission  lines  (standards)  should  not  be  too 
close  to  0  or  180  degrees.  The  procedure  developed  in  [3]  is 
outlined  as  follows.  Successive  measurement  of  line  1  and  line 
2  yields: 


[Rn,(Ll)]==[Ra][Ru][Rb]  (7) 

[R^(L2)]  =  [Ra]  [Rl2]  [Rb] 

Measurement  of  two  shorts  yields: 

c  ,  ^12aS21A 

1  1  =SiiA  +  ^^ - - - 

-  ^22B 

C’  I  ^12bS21B 

A  2  =  ^22B  -r  “J - - - 

Thus,  S  parameters  of  error  box  A  and  B  and  the  propagation 
parameter  (y)  of  a  transmission  line  with  length  of  (L2-L1)  can 
be  obtained  by  solving  equations  (7), (8), (9)  and  (10).  In  the 
process  of  solving  equations  (7), (8), (9)  and  (10),  however,  two 
complex  quadratic  equations  have  to  be  solved.  Each  time,  only 
one  of  the  two  conjugate  roots  of  the  quadratic  equation  is  the 
right  choice.  If  the  correct  roots  are  chosen,  the  following  three 
conditions  should  be  met  [2]:  (1)  |Ra2i/Ra22l  <  |Raii/Rai2l , 
(2)  and  (3)  the  difference  between  the  argu¬ 
ment  of  deduced  and  the  estimated  phase  difference 

y(L2  -  LI)  from  the  real  length  of  L2  and  LI  should  not  ex¬ 
ceed  90  degrees.  Therefore,  theoretically  any  one  of  these  three 
conditions  can  be  used  as  a  criterion  to  determine  the  correct 
root.  In  our  computer  code  implementing  the  calibration  and  de¬ 
embedding  procedure,  all  of  these  three  conditions  are  checked 
simultaneously  at  each  data  point.  The  conditions  (1)  and  (3) 
are  used  as  criteria  to  chose  roots  and  to  check  each  other.  This 
approach  is  effective  to  ensure  the  reliability  of  the  calibration. 


(8) 

(9) 
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The  condition  (2),  however,  can  not  be  used  practically  as  a  re¬ 
liable  criterion  from  our  observation  which  is  in  agreement  with 
the  statement  in  [2] 

To  check  the  generalized  TRL  algorithm  and  our  computer 
code,  three  sections  of  semi-rigid  coaxial  lines  with  SMA  con¬ 
nectors  were  carefully  made.  Two  of  them  and  an  SMA  short 
are  used  as  calibration  standards.  The  third  section  is  used  as 
DUT.  The  results  are  very  close  to  theoretical  values. 


ni.  Measurement  and  Results 


111.1.  Repeatability 

The  repeatability  is  mainly  affected  by  changing/stretching  of 
wires,  and  opening/closing  of  the  mirror  plane  (copperplate)  dur¬ 
ing  calibration  and  measurement.  The  repeatability  was  checked 
at  the  resonant  frequency  of  the  first  dipole  mode  (1489  MHz). 
The  mirror  plane  was  opened  and  re-connected.  The  results 
show  that  the  relative  errors  of  magnitudes  of  S  parameters  be¬ 
tween  these  procedures  were  less  than  1%,  and  the  phase  errors 
were  less  than  0.5  degree.  Also  wires  with  a  difference  of  1  mm 
in  length  were  used  which  affected  the  position  of  the  matching 
resistors  and  the  penetration  of  the  movable  coaxial  cables  in 
the  matching  section.  The  relative  errors  of  magnitudes  of  S 
parameters  between  the  two  measurements  is  also  less  than  1%, 
and  the  phase  errors  are  less  than  0.5  degree.  These  results  are 
in  agreement  with  the  repeatability  of  the  final  results  (Z/Q)  of 
this  mode. 

ni.2.  Results 

The  measurement  results  for  the  first  three  dipole  modes  are 
shown  in  Tables  1  and  2.  Theoretically,  Z/Q  of  a  cavity  is  de¬ 
termined  only  by  the  geometry  of  the  cavity.  However,  due  to 
the  high  Q  value  of  the  cavity  the  magnitude  of  |S21|  was  very 
small  (-50~-60  db)  which  may  affect  accuracy  of  the  measure¬ 
ment,  To  check  such  a  possible  problem,  the  Q  of  the  cavity  was 
lowered  by  inserting  a  metal  wire  into  the  cavity  or  magnetically 
coupling  resistors  through  a  hole  which  is  4  cm  from  the  mirror 
plane.  The  results  show  that  there  is  no  systematic  change  of 
Z/Q  when  Q  and  the  magnitude  of  |S21 1  vary. 

As  a  comparison,  the  results  from  measurements  using  bead 
pull  technique  and  the  calculated  results  from  computer  code 
URMEL-T  are  also  listed. 


Table  1.  Results  of  Z/Q  (wire  spacing:  0.5  inch) 


Mode 

fo 

Q 

Z/Q 

Z/Q 

Z/Q 

MHz 

Wire 

Bead  pull 

Urmel-T 

TMllO 

1482 

9188 

2.97 

1487 

1319 

2.65 

1489 

2539 

3.15 

1487 

1890 

3.20 

1486 

1524 

3.15 

1488 

1111 

3.15 

1487 

956 

2.90 

1492 

639 

2.70 

TM120 

2689 

11685 

7.28 

2703 

2800 

7.29 

2723 

3019 

5.60 

2736 

2461 

5.80 

2725 

1826 

5.05 

2736 

502 

5.55 

TM130 

3898 

13525 

8.79 

3923 

3230 

13.10 

3979 

3248 

15.65 

3977 

2015 

15.50 

Table  2.  Results  of  Z/Q  (wire  spacing:  0.3  inch) 


Mode 

fo 

Q 

Z/Q 

Z/Q 

Z/Q 

MHz 

Wire 

Bead  pull 

Urmel-T 

TMllO 

1482 

9184 

1.07 

1487 

1867 

1.17 

1488 

2127 

1.15 

1485 

1753 

1.15 

1480 

879 

1.15 

1480 

331 

1.20 

TM120 

2690 

11677 

2.63 

2706 

2612 

4.31 

2712 

2641 

3.00 

2711 

2540 

3.00 

2712 

2364 

3.00 

2724 

2234 

3.15 

2714 

1471 

2.75 

2724 

612 

3.20 
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DECREASING  TRANSIENT  BEAM  LOADING 
IN  RF  CAVITIES  OF  U-70  ACCELERATOR 

O.  P.  Lebedev,  IHEP,  Protvino,  Moscow  Region,  142284,  Russia 


Abstract  Table  1. 


The  U-70  RF  system  was  worked  out  to  operate  with  the  injector 
-  linac  at  100  MeV  energy.  A  wide  RF  range  was  (2.6-6. 1) 
MHz.  For  the  U-70  injector  Booster  the  wide  RF  range  decreased 
and  now  it  is  (5.5-6. 1)  MHz.  This  fact  and  simplest  method  of 
changing  the  parameters  in  RF  ferrite  dominated  cavities  allow 
one  to  increase  of  the  equivalent  value  of  the  cavity  capacitance 
for  the  main  frequency  by  about  a  factor  of  2.7  and  increase  of 
the  value  of  the  cavity  gap  capacitance  by  about  a  factor  of  5 

[1] .  The  experimental  investigation  of  the  U-70  RF  cavities  due 
to  the  injection  of  bunches  from  the  Booster  into  the  U-70  orbit, 
near  transition  and  on  main  flat-top  is  presented. 

1.  EXPERIMENTAL  RESULTS 

When  a  bunch  charge  crosses  the  cavity,  it  leaves  behind  a 
voltage.  This  voltage  will  decrease  with  an  increase  of  an  ac¬ 
celerating  gap  capacity  (fundamental  theorem  of  beam  loading 

[2] ).  The  equivalent  circuit  of  a  resonator  is  shown  in  Fig.l. 


cavity 

C,{pF) 

CgoipF) 

UnH) 

Rg{kOhm) 

Go 

A-old 

253 

89 

3,31 

7,4 

65 

B-new 

672 

480 

1.25 

6,4 

148 

Cg  -  total  capacity,  indicated  to  an  accelerating  gap  on  main 
working  frequency  of  a  resonator.  Qo  -  quality  of  resonator 
non-loaded  by  beam. 

On  Booster  flat-top  of  U-70,  ^  -value  of  the  ratio  for  beam 
induced  voltage  in  an  idle  cavities  A,  B  and  a  quality  Q  were 
measured.  The  accelerating  cavities  in  test  were  used  resonant  of 
a  wall-current  monitors.  The  resonant  frequency  of  cavities  was 
established  by  change  of  a  bias  field  current  and  corresponded  to 
frequency  of  a  accelerating  field. 


Vfl 


Figure.  2.  Beam  induced  voltage  in  cavities. 


Figure.  1 .  The  equivalent  circuit  of  a  resonator. 

Here  L  -  inductance  of  the  cavity,  Cgo  -  capacity  of  the  accel¬ 
erating  gap,  Rg  -  shunt  impedance  of  tibe  cavity  on  main  work¬ 
ing  frequency  in  which  the  exciting  amplifier  output  impedance, 
transformed  to  the  cavity  gap,  is  included  in  Rg  as  well  as  the  cav¬ 
ity  loss.  Ig,  4  -  current  RF  generators  of  the  exciting  amplifier 
and  bunch  accordingly,  Cg  -  capacity  of  tube,  Lp  -  inductance  of 
a  connecting  plug-in,  it  connect  the  gap  to  the  anode  of  the  final 
tube,  Vg  -  voltage  on  the  accelerating  gap. 

Below  in  the  article  the  experimental  characteristics  for  two 
cavities  will  be  resulted: 

•  A  -  old  design, 

•  B  -  new  design. 

In  table  1  control  parameters  of  cavities  for  initial  frequency  of 
accelerating  field  /o  =  5, 500MHz,  measured  in  the  test  cavity 
without  a  beam  on  method  [3]  are  shown. 


On  Fig,2  are  shown  the  voltages  in  gap  of  cavities,  developed  at 
the  passage  of  three  circulating  bunches  following  in  succession. 
The  value  f  is  equal 


1  = 


^gA  _  CgB 
VgB  CgA 


(1) 


where  -  induced  voltage  of  bunches  at  the  passage 

old  and  new  of  cavities  accordingly.  The  measured  value  was 
H  =  ^gAlVgE  —  2,7.  The  ratio  CgsICgA  is  2,66  ( see  table  1). 

After  passage  bunches  in  cavities  free  oscillations  with  fre¬ 
quency  of  set-up  /  are  made.  The  constant  time  of  cavity  ty  is 
connected  with  a  quality  (2  by  a  ratio 


(2) 


where  co  =  2nf.  If  a  constant  time  of  the  cavity  to  express 
through  number  of  RF  periods  during  which  the  amplitude  of 
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Figure.  3.  Accelerating  voltage  in  cavities  near  transition. 

free  oscillations  will  decrease  in  e  time,  then  a  quality  can  be 
determined  as 

Q=7tm ,  (3) 

where  m  -  number  of  RF  periods  /.  The  measured  values  were 
/nA=21,  m5=44  and  then  Ga=66,  25=138.  The  results  of  con¬ 
trol  measurements  a  quality  listed  in  table  by  1  well  coincide 
with  experimental  made  on  a  beam. 

A  study  of  transient  beam  loading  of  the  U-70  accelerating 
cavities  due  to  the  injection  of  bunches  from  the  Booster  into  the 
U-70  orbit.  The  theoretical  aspects  of  a  problem  are  described  in 
work  [4].  For  new  U-70  cavities  the  measurement  value  of  phase 
shift  of  a  accelerating  wave  of  a  electrical  field  after  injection 
bunch  in  free  bucket  makes  about  3  degrees  at  bunch  intensity 
Nb  =  10^^  protons.  This  value  is  by  a  factor  3  less  than  in  case 
of  old  cavities  because  of  a  increase  cavity  capacity  of  a  on  such 
value.  It  should  remind,  that  in  U-70  can  be  injected  30  bunches. 


Lp,  Cs  the  resonant  frequency  was  fsB'^  24MHz^ 

In  summary  some  words  about  stationary  interaction  of  the 
beam  with  cavities  on  main  flat-top  of  U-70.  The  most  of  phys¬ 
ical  experiments  on  main  flat-top  are  carried  out  with  a  coasting 
beam.  By  virtue  of  technical  difficulties  the  gaps  of  cavities  can 
not  be  short  connected  on  a  time  of  the  beam  circulation.  In¬ 
teraction  of  cavities  with  a  circulating  beam  is  observed.  It  is 
expressed  in  a  grouping  of  beam  on  the  tune  frequency  of  cav¬ 
ities.  The  reduction  an  absolute  value  for  the  impedance  of  RF 
system  divided  by  harmonic  number  Zk/k  causes  a  increase  of 
threshold  a  coasting  beam  instability  in  U-70  accelerator  (Keil- 
Schnell  criterion  [6]). 

In  our  case  change  of  initial  frequency  of  tune  RF  system 
with  2.6M  Hz  to  535MHz  (at  absence  of  a  bias  field  current 
in  cavities)  results  in  the  reduction  Zk/k.  The  value  frequency 
/  =  535M  Hz  corresponds  to  a  condition  of  a  finding  precisely 
between  k=26  and  k=27  by  harmonics  of  revolution  frequency 
on  flat-top.  The  revolution  frequency  is  Fq  =  202kHz.  The 
reduction  of  impedance  Zk  occurs  because  of  a  increase  of  ferrite 
losses  in  cavities  on  higher  frequency.  So  now  we  have  the 
reduction  Zk/k  on  main  flat-top  of  U-70  more  than  by  a  factor 
5. 
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The  transients  in  the  cavity  U-70  about  transition  called  by 
passage  the  bunches  high  density  are  displayed  maximally.  Ex¬ 
citation  of  a  harmful  resonance  in  old  cavity  at  42MHz  from  a 
circuit  plug-in  of  inductance  Lp  and  output  final  tube  of  capacity 
Cp  of  a  connecting  tube  with  the  cavity  gap  is  observed.  The 
similar  problem  was  resolved  in  PS  CERN  by  installation  special 
a  high  pass  damper  connected  to  the  anode  of  the  final  tube  [5]. 
In  modernized  variant  of  a  cavity  the  suppression  of  the  harmful 
resonance  occurs  on  self. 

On  aFig.3  are  shown:  1  -  bunches  (5  x  10^^  protons/bunch), 
A-  accelerating  voltage  on  the  gap  of  the  old  cavity,  R-  accel¬ 
erating  voltage  on  the  gap  of  the  new  cavity.  Peak  amplitude 
of  a  voltage  on  gap  was  equally  Vg  =  \0kV .  The  apprecia¬ 
ble  distortion  of  a  accelerating  wave  for  the  cavity  A  is  stip¬ 
ulated  by  Lp,CgQ,  Cs  of  a  circuit  with  the  resonant  frequency 
fpA  42MHz  and  a  quality  Qp^  ~  6.  A  impedance  on  this 
frequency  made  ~  400O/im.  In  the  cavity  R  after  a  increase 
of  capacity  Cgo  the  frequency  of  the  harmful  cavity  resonance 
has  made  fpB  2:^  21  MHz,  the  impedance  was  Zsb  —  250hm. 
The  reduction  of  the  impedance  was  stipulated  almost  by  equal 
frequencies  of  parallel  and  serial  resonances.  In  serial  circuit 
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RF  System  for  Bunch  Lengthening* 

R.  Biscardi,  G.  Ramirez,  Brookhaven  National  Laboratory,  Upton  NY  11973 


I.  ABSTRACT 

A  harmonic  cavity  is  used  in  the  VUV  ring  to 
increase  the  Touschek  lifetime  and  to  help  reduce  peak 
current  related  instabilities.  Phase  locking  servos  for  such  a 
system  normally  require  comparison  of  a  Fourier  component 
of  the  beam  to  a  reference  or  information  about  the  symmetry 
of  the  bunch.  We  have  found  it  simpler  to  initially  set  the 
phase  of  the  drive  so  that  the  center  of  the  bunch  is  positioned 
at  the  zero  crossing  of  the  harmonic  cavity  voltage  waveform. 
This  phase  relationship  is  then  maintained  by  comparing  the 
amplitude  of  the  harmonic  cavity  field  to  the  forward  power, 
and  adjusting  the  phase  of  the  drive  to  keep  the  two  powers 
equal.  A  system  of  this  type  has  been  operating  in  the  VUV 
ring  since  October,  1993.  It  consists  of  a  52.88  MHz 
accelerating  cavity  and  a  211.54  MHz  bunch  lengthening 
cavity  providing  increased  lifetime  over  all  operating 
currents. 

II.  INTRODUCTION 

Bunch  lengthening  is  achieved  by  reducing  the  slope 
of  the  accelerating  voltage  in  the  vicinity  of  the  electron 
bunch.  Operating  with  a  lengthened  bunch  increases  the 
Touschek  lifetime  by  decreasing  the  density  of  the  bunch.  In 
addition  to  this  increased  lifetime,  peak  current  effects  such 
as  the  microwave  instability  and  the  head-tail  instability  can 
be  reduced.  Also,  a  spreading  of  synchrotron  oscillation 
frequencies  can  provide  Landau  damping  against  coupled 
bunch  instabilities.  A.  Hofmann[l]  has  described  the  RF 
conditions  for  a  double  RF  system  that  yields  optimum  bunch 
lengthening.  These  conditions  are  given  by: 

Vj,  =  Vj  cos(t)  Y  cos(n(|)  „)=C/q  (la) 

a 

-yjsin(|)^ -knVY  sin(n(|)  ^)=0  {\b) 

a  ^ 

- —Vj  -  -  Vj  cos(])  2  -kn^VY  cos(n(|)  ^)=0  (Ic) 


Where  Vj  ,  (l)^  are  the  peak  voltage  and  synchronous  phase 
for  the  main  RF  system  and  Vjj  =  kVj,  n(|)j^  are  the  peak 
voltage  and  synchronous  phase  for  the  harmonic  RF  system. 
All  phases  are  measured  from  the  peak  of  the  waveform.  For 
the  VUV  ring,  the  main  RF  system  operates  at  52.885  MHz 
with  a  peak  voltage  of  80  kV  and  the  harmonic  RF  system 

*Work  performed  under  the  auspices  of  the  U.S.  Dept,  of 
Energy 


operates  at  21 1.54  MHz  (n  =  4).  For  this  n  and  Vj  the  above 
equations  yield  the  optimum  bunch  lengthening  parameters 
for  the  VUV  ring: 

([>2=78.7°,  4^  4  =-92.9° 

and  A:  =  0.246  or  V^=kVY=l9MkV 

where  (|)j,  and  ([>4  are  measured  in  the  52  MHz  frame. 


III.  PASSIVE  SYSTEM 

Initially,  the  harmonic  cavity  system  was  operated  in 
a  “passive”  mode [2].  The  transmission  line  to  the  cavity  was 
shorted  at  a  quarter  wavelength  from  the  base  of  the  input 
loop  and  the  voltage  developed  in  the  harmonic  cavity  was 
induced  entirely  by  the  beam. 

The  passive  system  provides  added  lifetime  at  high 
average  currents  where  it  is  needed  the  most.  But,  as  the 
current  decreases,  the  voltage  in  the  harmonic  cavity  also 
decreases  causing  the  bunch  to  return  to  its  normal  length  at 
low  currents.  This  bunch  length  change  creates  a  problem  for 
those  experimenters  doing  fluorescent  lifetime 
experiments[3],  since  they  have  to  measure  and  deconvolve 
the  source  shape  as  it  changes.  To  reduce  this  bunch  length 
change  with  current,  a  system  which  makes  the  cavity  Q, 
R§  S  functions  of  beam  current  could  be  implemented. 
This  requires  a  variable  coupling  system  which  lowers  the  Q 
and  thereby  the  shunt  impedance  of  the  cavity  as  stored 
current  is  increased.  This  was  considered  too  costly  and 
complex  and  for  the  VUV  ring  and  R^jj  was  left  as  a 
constant. 

A  feedforward  system  was  implemented  which 
attempts  to  keep  the  magnitude  of  the  harmonic  cavity  voltage 
constant  as  current  changes.  A  signal  proportional  to  the 
average  beam  current  was  conditioned  and  used  to  vary  the 
cavity  temperature.  This  changes  the  resonant  frequency  of 
the  cavity  and  increases  the  magnitude  of  the  cavity 
impedance  at  211.54  MHz  as  \  decreases.  Therefore,  the 
cavity  voltage  remains  more  constant  as  12^  changes. 
Unfortunately  this  also  changes  the  phase  of  the  impedance 
of  the  harmonic  cavity  as  a  function  of  beam  current. 
Although  this  phase  change  is  not  desirable,  the  overall  effect 
provided  added  lifetime  at  lower  currents.  The  improvement 
ill  lifetime  over  a  single  cavity  system  is  shown  in  figure  1. 
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Figure  1  -  Lifetime  comparisons  without  the  harmonic 
cavity  with  the  harmonic  cavity  passive  and  with  the 
harmonic  cavity  active. 


IV.  ACTIVE  SYSTEM 

The  field  in  the  harmonic  cavity  must  be  held 
constant  in  amplitude  and  phase  to  maintain  the  optimum 
bunch  lengthening  conditions  .  This  requires  tight  phase  and 
amplitude  servo  systems  around  both  RF  cavities  to  hold  these 
conditions  over  an  entire  fill.  A  simple  servo  may  be 
implemented  if  a  conservative  operating  point  is  chosen.  The 
system  can  still  provide  significant  lifetime  improvement 
without  the  need  for  a  phase  detection  servo. 

The  operating  point  of  the  211  MHz  system  is 
chosen  so  that  the  beam  crosses  the  cavity  gap  on  the  rising 
slope  of  the  RF  waveform  and  that  the  net  power  given  to  the 
beam  equals  zero  (4(|)4  =  -7u/2).  All  other  conditions  remain 
the  same  as  in  the  optimum  case.  The  result  of  not  operating 
at  the  optimum  phase  results  in  a  bunch  length  for  the  VUV 
ring  which  is  80%  of  the  optimum  condition. 

Such  a  system  is  shown  in  figure  3.  The  RF  drive 
from  a  synthesizer  serves  as  the  reference  for  both  systems. 
The  52  MHz  system  has  standard  NSLS  detected  amplitude 
and  cavity  tuning  servo  systems  to  compensate  for  beam 
loading.  The  211  MHz  system  is  set  up  with  a  detected 
amplitude  loop  keeping  the  forward  power  constant.  With  no 
beam,  the  transmitter  drives  the  cavity  at  resonance  through 
a  near  matched  input  loop.  Therefore,  there  is  little  reverse 
power  returning  to  the  circulator  which  isolates  the 
transmitter  from  the  accelerating  cavity.  As  beam  is  injected, 
the  tuning  loop  compensates  for  the  reactive  beam  load. 
Under  ideal  conditions  the  beam  is  maintained  at  the  zero 
crossing  of  the  RF  waveform  and  the  cavity  power  will  always 
equal  to  the  forward  power  from  the  transmitter. 

Under  actual  conditions,  the  beam  drifts  from  the 
zero  crossing  and  the  cavity  power  responds  accordingly.  The 


cavity  power  rises  as  becomes  more  negative  and  drops 
as  4(|)4  becomes  more  positive.  The  difference  signal  between 
the  forward  and  cavity  power  is  used  to  create  a  slow  servo 
loop  which  adjusts  the  harmonic  cavity  drive  phase  to  keep 
the  beam  at  =  -nil.  This  keeps  the  two  powers  equal.  The 
active  bunch  lengthening  system  provides  added  lifetime  over 
the  entire  fill  (figure  1)  with  minimal  bunch  length  changes 
as  a  function  of  bunch  current  (figure  2)  as  measured  using  a 
stripline  monitor [4]. 


Time  [nsec] 


Time  [nsec] 


Figure  2  -  Comparison  of  bunch  shapes  at  760  mA  and 
380  mA  average  current.  Two  different  bunches  are 
shown. 


V.  POWERED  SYSTEM  EXPERIENCE 

The  powered  harmonic  system  has  been  operating 
reliably  in  a  bunch  lengthening  mode  for  one  year.  The 
system  has  provided  extended  lifetime,  and  a  stable 
longitudinal  current  distribution  for  the  bunches  in  the  VUV 
ring  over  the  operating  current  range. 
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Figure  3  -  Block  diagram  of  the  system. 


During  system  commissioning  it  was  noticed  that  the 
beam  was  more  susceptible  to  audio  frequency  phase  noise  as 
the  optimum  bunch  conditions  were  approached.  A  possible 
explanation  for  this  is  that  the  coherent  synchrotron 
frequency  is  lowered  and  spread  as  the  slope  of  the 
accelerating  waveform  is  lessened  causing  increased  coupling 
of  power  supply  harmonics  to  the  beam.  Also,  with  the  flat 
potential  well  created  by  the  system,  all  potential  well 
perturbations  will  be  more  noticeable. 

Such  is  the  case  of  a  higher  order  mode  (HOM)  in 
the  main  cavity  at  270  MHz.  This  HOM  is  at  a  rotation 
harmonic  which  is  not  an  RF  harmonic  so  it  distorts  the 
potential  well  differently  for  each  bunch.  This  leads  to  a 
different  shape  for  each  bunch.  Without  the  harmonic  cavity, 
the  differences  in  bunch  shape  due  to  this  potential  well 
distortion  are  barely  noticeable  .  With  the  harmonic  cavity  in 
operation  the  distortion  is  clearly  seen  (fig  2).  Due  to  both  of 
these  problems  the  harmonic  cavity  is  currently  operated  at  a 
lower  voltage  than  the  planned  19.68  kV.  Priority  will  be 
given  to  removing  the  sources  of  power  supply  harmonic 
noise  and  to  damp  the  mode  at  270  MHz.  Work  will  then 
proceed  to  obtain  the  necessary  conditions  for  optimum  bunch 
lengthening. 
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Abstract 

Precise  method  for  resonator  electric  or  magnetic  vector  com¬ 
ponents  values  and  their  space  positions  measurements,  based 
on  application  of  photosemiconductor  plate  with  different  con¬ 
figuration  lighted  images,  formed  by  projections  forming  and 
measuring  optical  system  of  amplitude  modulated  light  radia¬ 
tion,  is  presented.  The  optical  system  for  433  MHz  RFQ  accel¬ 
erating  structure  is  realized  by  means  of  serial  producted  micro¬ 
alignment  telescopes;  the  method  allows  to  descriminate  the 
field  axis  fluctuations  on  micron  level  and  provides  several  per¬ 
cents  and  tenths  of  percents  precision  for  accelerating  efficiency 
and  modulation  period  measurements  respectively. 

1.  INTRODUCTION 

An  electromagnetic  field  distribution  measurements  in  accel¬ 
erator  resonant  structures  are  usually  carried  out  by  perturbation 
method,  the  data  processing  gives  the  field  vector  modulus  as 
averaged  volumatric  value  on  the  perturbation  object.  The  mea¬ 
surements  accuracy  is  limited  in  principle  by  the  object  carrying 
system  distortions  and  unperturbated  resonant  frequency  reading 
inadequacy.  Operative  frequency  rise  as  well  as  applied  fields 
complication  will  cause  inadmissible  growth  of  these  inaccura¬ 
cies.  Electro-optical  principle  is  proposed  to  exclude  these  er¬ 
rors  and  to  realize  different  vector  components  measurements  of 
electric  or  magnetic  fields  distributions,  the  method  and  system 
development  for  RFQ  structure  is  considered. 

IL  ELECTRO-OPTICAL  PRINCIPLE 

Perturbation  object  for  the  method  is  designed  as  a  high  re¬ 
sistivity  photosemiconductor  flat  plate,  that  can  be  installed  in¬ 
side  the  resonator  on  a  thin  filament  as  before.  Light  radiation 
of  amplitude  modulated  source  passes  through  a  controller  of  the 
light  beam  spatial  position  and  lights  up  desired  configuration  re¬ 
gion  on  the  plate  surface  in  required  position.  The  resonant  fre¬ 
quency  difference  between  the  readings  in  unlighting  amplitude 
modulation  half-cycle  and  in  the  next  lighting  one  will  determine 
the  field  in  perturbated  region.  Electric  field  vector  components 
measurements  can  be  carried  out  by  thin  strip  light  configura¬ 
tions,  oriented  along  the  components;  for  the  plate  normal  mag¬ 
netic  field  component  a  closed-loop  configuration  is  sutable;  av¬ 
erage  properties  can  be  determined  by  a  spot  of  accordent  space. 
A  normal  to  electric  field  lighting  minimizes  the  dark  and  light 
readings  difference  (that  vanish  for  infinitesimal  thickness  of  the 
normal),  in  quasistatic  field  it  is  equipotentials  detection  without 
quantity  measurements. 

Carrying  system  distortions  are  entirely  excluded,  because 
the  perturbation  is  formed  by  exact  strightforward  light  beam. 
The  second  mentioned  error  is  excluded  almost  completely  by 


the  dark  reading  in  any  measurement  point,  because  high-spead 
(acusto-optical,  e.g.)  devices  allow  to  decrease  amplitude  mod¬ 
ulation  cycle  up  to  the  doubled  transient  duration.  For  all  this, 
the  precise  measurement  problem  is  reduced  to  implementation 
of  correlated  with  the  resonant  mode  light  configurations. 


III.  RFQ  MEASUREMENTS 

The  field  symmetry  axis  can  be  detected  by  equal  thin  strips 
lighting  on  the  round  plate  (H),  fig.l.  By  (1)  and  (2)  couple  re¬ 
moving  in  OY  direction  the  equal  dark-light  frequency  differ¬ 
ences  for  each  strip  can  be  achieved,  i.e.  Ey  components  in  (1) 
and  (2)  regions  are  equal,  the  axis  coordinate  yq  is  geometrical 
center  of  the  couple;  similar  OX  removing  of  (3),(4)  gives 
coordinate.  Vanes  curvature  is  determined  by  the  strips  turn  re¬ 
fer  Oq  X  and  Oq  y  untill  maximum  (but  a.m.  equal)  dark-light  dif¬ 
ferences  for  (!'),  (2');  (3'),  (4')  will  be  obtained -fig.l  presents 
symmetrical  ip  bend;  for  a  single  element  distortion  the  geomet¬ 
rical  centers  will  not  form  straight  lines  under  OX  displacing  of 
(1),(2)  couple,  (3),(4)  -  in  OY  direction.  So,  that  kind  positions 
research  yields  the  field  axis  coordinates  and  symmetry  destort¬ 
ing  causes  all  information. 


ae 

Figure  1:  Lightings  for  RFQ  measurements. 

Obtainable  precision  analysis  is  conducted  at  known  [1]  electric 
field  in  the  bore  with  modulation  period  Im,  accelerating  effi¬ 
ciency  6,  inner  radius  mean  tq: 

Ej;  =  Ux{A—l/rl)y  A  =  20KsmKzIi{Kr)/Kry 
Ey  =  Uy{A  +  l/rl),  r=y'x^  +  y\  (1) 

Ez  =  {U /it)2$K  cos  KZ  >Io{Kr)]  K=7r/lm‘ 

spatial  selectivity  is  defined  by  frequency  deviations  ratio  of  in¬ 
terfluent  and  separated  components,  e.g.  I  length,  x  a,  cross- 
section  strip  (4)  Ej;  selectivity  in  (1)  field  according 
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to[App.]  isllx  =  (SfEjSfE^)  <  4-48(as/2/)2(ln2//a5  - 
l){ro9/lm)^  -  the  cylinder  curcle  perimeter  is  equal  to  square 
one.  In  the  structure  with  0  E  [0.003;  0.5],  Im  G  [4;  20]  mm,  ro  == 
3.5  mm  and  operating  frequency  /„  =  (/?„/27ry^o/^o )  — 
433  MHz  for  0. 1  X  0. 1  X  2.5  mm  strip  the  averaged  selectivity  is 
Hx  <  2  •  10”^,  that  is  greatly  less  than  instrumental  resolution. 
The  cavity  analysis  in  the  form  of  coupled  shortcircuated  sector 
radial  waveguide  sections,  loaded  by  end  capacitances,  gives  ac¬ 
cording  to  [App.  (11)]  the  deviation 


M  =  5.52  •  10”^.  An  error  in  desired  equality  of  deviations  at 
RF  phase  measurements  is  determined  by  minimal  phase  count 
discrete  d(pm ,  and  (2)  result  yields  the  strip  displacement  resolu¬ 
tion  dxo  =  2ro{7r MQ)~^d(prn^  Q  -  quality  factor.  For  d(prn  = 
2  •  10“*^,  (5  =  5*  10^  it  is  dxo  ^  1.6  mkm,  that  cause  the  de¬ 
velopment  of  precise  optical  system  for  the  images  forming  in¬ 
side  small  aperture,  lengthy  (L  =  1445  mm)  bore  without  vanes 
lighting  -  the  plate  excitation  by  reflection  phone  is  inadmissi¬ 
ble.  Autoreflective  image  forming  in  convergent  rays  of  tele¬ 
scopic  objective  can  be  effected  by  micro-alignment  telescope 
only  by  placing  the  light  source  beyond  the  graticule  on  the  eye¬ 
piece  side. 

The  system  fig.2  comprises  (4)  and  (5)  micro-alignment  tele¬ 
scopes  [2].  Collimated  image  former  (1)  containes  transparency 
(2)  with  adjustable  in  independent  square  directions  transparent 
region;  projective  telescope  (4)  forms  the  image  along  its  datum 
optical  axis  with  displacements  possibility  by  optical  microme- 


Figure  2:  Images  forming  and  measuring  system. 

Another  telescope  (5)  is  interconnected  by  pentaprism  with 
wedge  (3)  for  the  image  dimensions  measurings  on  the  plate  (H). 
Alignment  on  the  base  datum  targets  (6), (7)  sets  optical  axes  of 
the  former  and  both  telescopes  in  coincidence;  the  resonator  is 
fixed  on  the  datum  axis  by  (4)  viewfinding  on  removable  trans¬ 
parent  targets  (8),(9);  and  datum  line  of  sight  can  be  ascertaned 
always  by  (5)  viewfinding  on  (7)  target  after  (3)  removing.  Tran¬ 
sparency  (2)  is  equipped  by  rotary  device  with  30''  count  accu¬ 
racy.  The  system  allows  to  form  rectangular  images  with  vari¬ 
able  0.05 ...  3  mm  sides,  total  error  of  the  image  coordinates  is 
±(3  +  2i7)mkm,  D  -  image  distance,  M,  but  the  systematic 
error  can  be  excluded,  [2].  So,  the  strip  position  inaccuracy  is 
3.5  mkm  and  the  field  axis  coordinates  real  error  ^  4  mkm.  The 
structure  fine  tuning  properties  9,lm  are  defined  by  the  minimum 
dark-light  deviation  position  detection  under  radial  strip  lighting 
refer  to  determined  axis.  According  to  [App.],  this  position  cor¬ 
responds  to  minimal  integral  value  in  (6)  equation  at  the  current 


distribution  (7)  for  (1 )  field.  Direct  variation  yields  the  minimum 
deviation  angle  a  between  Ox  and  the  strip 

_  arccos  (G^sin  «2r)  ^  2{Kroy  Ii{kx)F{x)  dx 

2  TT  Jq  kxF{x)  dx 

F{x)  =  kx  —  kl  SIR  kx'csc  kl,  and  it  is  enough  to  measure  a  un¬ 
der  the  plate  removing  along  the  structure  for  values 

and  a  =  f  positions  determination,  because 

e  ^  (cos  2a^^^  -  cos  2a''^“^)(2G)"^  (3) 

Two  counts  phase  method  of  a  mesurment  with  rms  error 
{S(p/(f)  =  2  •  10“"^  in  (1)  field  gives  inaccuracy  (^a7n/a)  < 
1.7  •  10“^,  but  the  phase  dependence  is  not  symmetric  refer  a 
(except  a  =  7r/4),  and  systematic  innacuracy  {Sag /a)  <  4.4  • 
10"^.  Spatial  selectivity  is  ample  as  before,  sensitivity  decreace 
is  2.5  •  10”^  only.  The  angle  reading  rms  error  of  the  optical  sys¬ 
tem  is  1.4  ♦  10“"^,  that  determines  real  precision:  for  longitudinal 
coordinate  count  error  ~  5  •  10”^  the  modulation  period  innacu¬ 
racy  is  {Slmllm)  <  7.1  •  10“^,  and  (3)  result  gives  accelerating 
efficiency  with  {50/9)  <  1.3  •  10“^  error. 

Asymmetric  positioning  of  Rd  radius,  T  thickness,  e  dielectric 
constant  plate  will  distort  investigating  field  (on  fig.l :  F  is  fas¬ 
tening  point,  \/2h  -  sag  to  3  quadrant).  But  only  transverse  field 
components  inside  the  plate  are  used,  Im  accuracy  under  a  = 
7r/4  position  determination  in  1  and  3  quadrants  is  not  changed, 
because  Sam  rise  even  to  two  orders  due  to  sensitivity  lowering 
will  not  exeed  determinative  value.  The  9  error  electrostatic  es¬ 
timating  for  Rd  =  ly€  =  10,  T  =  0.1  mm,  b  =  0.05  mm  gives 
{69^/9)  <  6  *  10”^,  the  efficiency  error  grow  up  to  1.5  •  10“^. 

Photosemiconductor  characteristics 

analysis  by  [App.]  method  yields  optimized  ratio  of  the  active 
light-dark  conductivity:  for  e  <  10  the  ratio  is  125 . . .  130,  and 
CdS  or  CdSe  materials  suit  perfectly  well. 

IV.  CONCLUSION 

Electro-optical  principle  and  its  application  for  RFQ  struc¬ 
tures  precise  measurements  method  have  been  developed.  De¬ 
signed  optical  system  provides  several  micrometers  accuracy  not 
only  for  the  field  axis  coordinates,  but  for  geometrical  shapes 
of  the  accelerating  bore  forming  elements  also  -  autoreflection 
method  is  effected  by  contact  bore  targets  or  master  gauges  fas¬ 
tening  on  the  same  filament.  Developed  balance  technique  (that 
excludes  a  field  quantity  measurements)  for  the  stmcture  fine 
tuning  could  be  used  for  precise  measurements  in  other  types 
cavity  resonators. 

APPENDIX.  Thin  cylinder  formf actor  for  RF  nonhomo geneous 
fields 

Use  of  retarded  potential  A  field  operator  singularity  for  axi¬ 
ally  symmetric  I  length  a  radius  longitudinal  current  I{x)  yields 
on  its  circumference  in  py(l)yX  local  coordinates 

A  =  N{p)^I{x)  (4) 

where  A/’(/?)  =  [I /27r)[lR{2 / k pj) +  Ci{kl)  —  [sin  kl/kl)]^^  = 
0, 577 ...  -  Euler’s  constant,  Ci{kl)  -  integral  cosine.  In  two- 
component  case  (4)  result  inaccuracy  will  not  exceed  (a/2/)^ 
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even  for  equal  longitudinal  and  transverse  field  components,  that 
follows,  e.g.,  from  ellipsoid  depolarization  tensor  principal  val¬ 
ues  [3];  however,  the  practicaly  used  disposing  along  the  sup¬ 
posed  field  vector  will  supplement  decreace  of  inaccuracy  to 
3  ...  4  orders.  Boundary  conditions  in  external  field  lead  to 


where  zi  -  line  active  resistance  of  the  cylinder  material,  ip  - 
scalar  potential  of  (4)  field.  Now  a  resonator  z/-mode 
with  ujiy  resonant  frequency,  Qi^  quality  factor  is  excited  by  some 
source  S  together  with  the  cylinder  j  current  density,  and  mag¬ 
netic  hjy,  electric  fields  amplitudes  equations  are 


xujoj  i/hi/ 

Qu 


(6) 


Ci/  =  where  \Eiy\^ dv;  v^e^v  -  resonator 

and  cylinder  volumes.  Thus,  for  any  Ei^x{^)  function  the  I{x) 
distribution  is  defined  at  E^  =  substituting  in  (5) 

equations: 


d^Ijx) 

dx^ 


+k\i 


k^N(a) 


)l(x) 


N(a)cjj^ 


Ei/x(^)^i/j 


(7) 


boundary  values  are  1(0)  =  I(i)  =  0  for  distant  from  the  cav¬ 
ity  walls  cylinder.  So  defined  I(x)  determines  integral  value  in 
equation  (6),  forming  the  amplitude  equation  for  only  S  excita¬ 
tion  of  the  resonator  with  new  resonant  frequency  and  new 
quality  factor  Qn,  i.e.  the  formfactor  is  defined.  Eigenfunctions 
means  substantiate  that  the  summary  field  of  all  other  modes 
with  gradient  summand  is  described  by  cylinder  own  field  (4), 
and  only  condition  for  exact  measurements  is  excluding  of  other 
modes  excitation  by  S  source  in  the  cylinder  region. 

Simplest  homogeneous  field  analysis  for  ^/  <  0.1  gives 


quality  factor  decrease  due  to  finite  coductivity  of  a  thin 
(JV(a)  >  1)  cylinder  even  with  =  10  Ohm  will  be  in  4  order 
only.  Therefore,  zi  =  0  value  can  be  used  indeed,  and  for  any  kl 
the  method  yields  (in  conventional  Slater's  form  writing): 


(8) 


where  xp  -  coordinate  of  the  field  reading,  K  =  Kp  -formfactor: 


A'o 


(1)^  2tan^-fc„Z 
7rN{a)  (kj)^ 


Product  vKp  for  (a/l)  <  1,  Ar  0  coinsides  with  the  re¬ 
sult  of  electrostatic  analysis  [3].  However,  if  the  cylinder  ap¬ 
proaches  the  cavity  walls  (e.g.  a?  =  0  endpoint  is  near  the  wall), 
1(0)  =  0  value  must  be  interchanged  by  9?(0)  =  —I(0)/iuCej 
OT  1(0)  =  /3(dI/dx)\p,Ce-  the  cylinder  end- wall  and  the  cavity 
wall  capacitance,  ^  =  CeN (a) /sp: 


Kn 


f  1  —  2  tan  5  cot  7 

--Ko(l  +  5  -  r)(l  +  I3k„ 


where  r  =  A:„/.  The  end  contiguity  (f3  oo)  yields  = 
AKp  for  kl  <  0.1  and  than  decreases  up  to  Kp  for  /?  — >■  0 
with  the  cylinder  moving  off,  (10)  general  relation  corresponds 
to  electrostatic  model  [4]. 

Practicaly  interesting  results  of  nonhomogeneous  field  anal¬ 
ysis  are  obtained  at  polinomial  representation,  e.g.  for  E^.^  = 
A2x'^  Aix  +  Ap  the  method  gives 


Ap- Ao  T  +  7? 


4(4»?S2  +  ^%^)-T(7?  +  2) 


(1  +  77)2 

\2  ,  All 


(11) 


whereT  =  l  +  (4si-l)(j^)^  ^  =  =  4^1+0 

-  normalised  variability, 

^  +  rcotr-l  _  _  V  +  §  I  2  .  2  . 

*1-  >  ®2-  ■'■^2  (-2 


t(t  —  2  tan  j) 


r(r-2tan|-) 


ss 


1 


+  ’ 


T 

1 


§4=1 


T 

'S 


r-2tan^’ 


and  K  Kp,  xp=  ~  in  form  (8). 
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A  NEW  TUNING  METHOD  FOR  TRAVELING  WAVE  STRUCTURES 
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1 15409  Moscow,  Russia.  K.Jin,  National  Synchrotron  Radiation  Laboratory,  USTC,  Heifei,  Anhui  230029, 
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At  DESY  S-Band  accelerating  structures  are  under 
development  since  1993.  Fourteen  5.2  meter  long  sections 
have  to  be  replaced  in  the  injector  linac  (LINAC  II)[1]  and 
overall  four  6  meter  long  sections  have  to  be  build  for  the  S- 
Band  test  facility  at  DESY [2].  A  new  tuning  procedure  for  the 
accelerating  structure  after  brazing  has  been  developed  which 
uses  bead-pull  field  distribution  measurements  instead  of  a 
detuning  plunger.  Amplitude  and  phase  of  the  field  are 
measured  simultaneously  along  the  structure  without  touching 
the  surface  on  a  13  meter  long  horizontal  bench. 

1.  INTRODUCTION 

To  decrease  the  cost  for  cavity  production  the  dimensional 
tolerances  are  relaxed  by  oversizing  the  resonators  and  tuning 
after  brazing.  The  resonance  frequencies  of  the  cells  after 
brazing  of  the  section  are  lower  by  200-1500  kHz  compared 
to  the  operating  frequency.  Four  tuning  holes  are  machined 
with  10mm  diameter  and  1mm  thickness  in  the  wall  of  each 
cup  (fig.  1.1). 


piiir 


Places  for  tuning 

7+r 


Figure  1.1.  One  of  the  cups. 


For  the  measurement  of  the  traveling  wave  field  distribution 
(amplitudes  and  phases  in  the  center  of  the  cells)  a  bead-pull 
method  is  used  in  the  section.  The  tuning  method  is  based  on 
the  calculation  of  the  field  distribution  of  the  scattered  wave 
from  each  cell  of  the  structure.  During  the  tuning  procedure 
the  amplitudes  of  the  scattered  waves  are  minimized. 


IL  BEAD-PULL  FIELD  DISTRIBUTION 
MEASUREMENTS 


The  traveling  wave  field  distribution  measurement  is  based 
on  a  non-resonant  perturbation  theory  [3].  In  this  technique 
the  measurements  of  the  reflection  coefficient  Sll  are 
measured  at  the  same  frequency  with  and  without  a 
perturbing  object  placed  at  the  point  at  which  the  field 
parameters  have  to  be  determined.  On  the  axes  of  the  section 
the  magnetic  component  of  the  field  is  zero  and  the 
dependence  of  the  reflection  coefficient  from  the  electric 
component  of  the  field  is  expressed  by  the  following  formula: 


2Pi  (Sllp-Slla)=-jC0kEa^  2.1 

with  Pi  -  the  input  power,  Slip  -  the  reflection  coefficient 
in  the  presence  of  a  perturbing  object,  Slla  -  the  reflection 
coefficient  in  the  absence  of  the  perturbing  object,  k  depends 
on  the  electric  parameters  and  the  geometry  of  the  object  and 
Ea=Ae^^  -  the  electric  component  of  the  field.  The  perturbing 
object  being  used  was  a  metallic  needle  with  a  diameter 
0.4mm  and  a  length  5mm  (fig.  2.1),  oriented  parallel  to  the 
axis  of  the  section.  The  needle  can  be  moved  along  the  axis  of 
the  section  using  a  step  motor  with  a  step  size  about  AL=0.14 
mm. 


n-1 

n 

:  n+1 

J 

J  L 

J 

J  U/ 

needle 


In  the  centers  of  the  cells  the  longitudinal  gradient  of  the 
phase  is  smallest  with  |  A(p/Az  |  <0.97mm.  The  transverse 
gradients,  for  deviations  not  larger  than  |  Ax  |  <  2  mm  and 
Ay  I  <2  mm  from  the  axis  of  the  section,  are  of  the  order  of 
A9/AX I  <0.03 7mm  and  |  A(p/Ay  |  <  0.037mm  for  the  phase, 
(AA/A)/Ax  I  <0.05 %/mm  and  1  (AA/A)/Ay  |  <0.05%/mm  for 
amplitude. 

To  decrease  the  required  time  for  one  measurement  of  the 
150-180  cell  section  the  field  distribution  is  measured  only  in 
the  center  of  the  cells.  For  precise  determination  of  the 
position  Zi  of  the  first  cell  center  and  distance  AZ  between 
the  centers  the  complete  field  profile  is  measured  in  the  3  first 
and  3  last  cells  of  the  section  (with  the  exception  of  coupler 
and  load  cells).  After  data  processing  the  accuracy  for 
positioning  in  the  first  cell  center  is  approximately  0.1  mm 
and  for  cell  to  cell  length  «0.002  mm  for  the  5  m  section.  The 
minimal  step  AL  given  by  the  step  motor  for  bead  positioning 
is  not  small  enough  (~0.14mm)  and  therefore  the  field  is 
measured  in  2  positions  (Zni=int(Zn  /AL)*AL  and 
Zn2=Zn+AL),  close  to  the  optimum  position  Zn=  Zi  +  (n-1) 
AZ.  The  amplitude  and  the  phase  in  the  center  of  n-th  cell  are 
approximated  with  the  formula: 

An=(A(Z„0(  Zn2-  Zn)+  (A(Zn2)(  Zn-  Zni))/  AL,  2.2 
q)n=((p(Znl)(  Zn2-  Zn)+  (Cp(Zn2)(  Zn-  Znl))/  AL.  2.3 
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III.  A  LINEAR  MODEL  OF  THE  FIELD 
DISTRIBUTION  IN  THE  SECTION 

With  the  bead-pull  method  we  can  measure  and  calculate 
amplitudes  and  phases  of  the  field  in  the  centers  of  the  cells: 

A2e^^,  Ase*^,  ...  .  For  two  neighboring  cells  with 
number  n-1  and  n,  let  us  consider  this  values  as  a  super¬ 
position  of  forward  and  backward  waves:  and 

which  has  passed  through  n-th  disc  (between 


cells  n-1  and  n). 

An.ie^^-^=  a„e  3.1 

Ane’'^  =  anC  j'^^+bne  3.2 

The  solutions  of  these  two  complex  equations  are: 
b„ej^  KAn-iei"^-'  ^’^>+A„e'"^^’''®>)/V3  3.4 


From  formula  (3.4)  we  can  find  the  amplitude  bn  and  phase 
(|)n  of  the  backward  wave  which  passed  the  n-th  disc  (between 
cells  n-1  and  n).  For  the  next  (n+1)  disc  we  can  use  the 
formula  (3.4)  to  calculate  the  backward  wave: 


section  is  changed.  This  effect  is  used  for  the  automatization 
of  the  tuning  process. 

The  process  of  the  tuning  is  controlled  in  real  time  by  a 
computer  code.  Before  tuning  of  each  cell,  a  computer 
receives  from  the  Network  Analyzer  (NWA)  the  reflected 
wave  value  Sll^.  While  tuning  the  reflected  wave  value  Sll 
is  analyzed,  so  that  the  calculated  value  of  |S11  -  Sll^l 
should  be  achived: 

U„=  I  S11-S11°  1  =Re(S„e''®"^’^VK„  3.7 

where  Kn  -  is  a  coefficient  to  correlate  the  calculated  and 
measured  values  for  the  cell  number  n: 

K„=|sll1/a2*C„  3.8 

The  1  Sll*  I  -  amplitude  of  the  reflected  wave  from  the 
structure  measured  after  detuning  of  the  input  coupler  cavity, 
characterizes  the  amplitude  of  the  input  power  from  the 
NWA.  Cn  -  is  the  loss  factor  or  attenuation  coefficient  of  the 
wave,  which  traveled  from  n-th  cell  to  the  beginning  of  the 
structure. 

If  we  take  into  account  the  nonuniformity  of  the  amplitude 
distribution  in  the  structure  the  expression  (3.8)  can  be 
rewritten  for  a  constant  impedance  structure: 

K„=(|Sll*|/a„)*(A„/a3)"  3.9 


Let  us  calculate  the  difference  of  these  two  backward  waves 
in  the  plane  of  the  n-th  diaphragm.  The  phase  shift  per  cell  is 
about  2t^3  and  if  attenuation  can  be  neglected  we  can  write: 

=  3.6 

This  value  is  used  to  characterize  the  performance  of  the  n- 
th  cell.  Sn  and  0n  are  the  amplitude  and  phase  of  the  wave 
scattered  from  n-th  cell.  In  the  process  of  tuning  the 
amplitudes  Sn  should  be  decreased.  This  procedure  was  tested 
on  a  50-cell  constant  gradient  test  section  [4],  Figure  3.1 
shows  the  values  before  and  after  tuning. _ 


■  b^ae tuning  a  cfter  tuning 

LO  T 


-1,0 


Figure  3.1.  before  and  after  tuning  of  50-cell 

constant  gradient  section. 

By  definition,  pressing  the  tuning  holes  of  the  cell,  the 
frequency  of  this  cell  is  increased,  the  real  part  of  is 

decreased  and  the  reflection  coefficient  Sll  in  the  input  of  the 


For  the  constant  gradient  structure: 

Kn=(|Sll*|/a3)*(A„/a„)'*r„  3.10 

where  r„  (~Vgr"  -  group  velocity  for  the  n-th  cell)  is  the 
reflection  coefficient  measured  at  the  input  of  the  structure  for 
the  wave  reflected  (for  full  reflection)  from  the  n-th  cell. 

The  results  of  the  test  tuning  of  a  50-cell  section  was 
sufficient  (aph=0.17°  for  the  phase  distribution  along  the 
section)  and  wedecided  to  use  this  method  for  the  tuning  of 
the  first  156  cell  constant  gradient  accelerating  structure  of 
theLINACIIatDESY. 


IV.  TUNING  OF  THE  LINAC  II  SECTION 


fixaiQrLrffll  1  input  r 
one  of  the  4  tuners^  -n-^*^tep 
coalinear  load  '^T  rnotors  _i_  ^ 
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linear _ : 

motor  |~~ 
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Figure  4.1.  Tuning  bench. 


The  structure  was  installed  on  a  horizontal  13  meter  long 
tuning  bench  (fig.  4.1)  and  connected  to  a  water  thermo¬ 
stabilization  system.  To  be  careful,  the  tuning  of  the  structure 
was  carried  out  in  3  steps:  a)  tuning  to  the  frequency  F=Foper ' 
900kHz;  b)  tuning  to  the  frequency  F=Foper  -  400kHz;  c) 
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tuning  to  the  frequency  F=Foper  •  For  the  calculation  of  the 
operating  frequency  Foper  (Fvac=  2998  MHz  in  the  vacuum 
and  40°C  temperature  of  the  structure),  Tstr  -  the  temperature 
of  the  structure,  Tair  -  the  air  temperature.  Hair  “  the  air 
humidity  and  Pair  -  the  air  pressure  was  taken  into  account [5]: 

Foper  =F«„/(1+1.7*10-5(Ts„  -  40))/e*'' 

e=l+Pair/T,tt*(211+Po*Hair  /P,ir*(10160/Ts„  -  0.294))  *10-® 

p  =  1 -38.3)+0.656) 


One  step  of  tuning  includes  the  field  distribution 
measurement,  the  calculation  of  the  parameters  Un ,  tuning  of 
the  integrated  load  (last  eight  cells,  nr.:  149-156)  and 
automatic  tuning  of  cell  4-148  in  the  tuning  machine.  If  the 
reflection  from  the  load  is  very  large  for  some  reason,  the 
load  cells  have  to  be  tuned  first.  In  figure  4.1  the  field 
distribution  in  the  section  before  tuning  is  shown.  There  are  a 
lot  of  reflections  from  different  parts  of  the  section  and  in 
addition  a  large  reflection  from  the  load.  The  graph 
corresponds  to  a  SWR  in  the  structure  of  l.S-1.8  after 
brazing. 


Figure  4.1.  Field  distribution  in  the  section  before  tuning. 


Figure  4.2  shows  the  field  distribution  in  the  section  after 
three  steps  of  tuning  as  described  before.  The  field 
distribution  in  front  of  the  integrated  load  is  sufficient  with  a 
SWR  smaller  than  1.02.  For  the  phase  distribution  a  CT  of  0.3® 
has  been  achieved,  A  small  phase  error  in  the  load  could  not 
be  tuned  due  to  a  dimensional  error  in  the  resonator  diameter. 


Figure  4.2.  Field  distribution  in  the  section  after  tuning. 


SUMMARY 

It  has  been  proven,  that  the  bead  pull  measurement  being 
presented  in  this  paper  is  well  suited  for  the  tuning  of  long 
(many  cell)  traveling  wave  accelerating  structures.  The  results 
for  the  tuning  of  a  156-cell  traveling  wave  constant  gradient 
accelerating  structure  (a=0.3®  for  the  phase)  has  been 
presented. 
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Abstract 

The  RHIC  rf  systems  must  capture  the  injected  beam, 
accelerate  it  through  transition  to  top  energy,  shorten  the 
bunches  prior  to  rebucketing,  and  store  the  beam  for  10  hours 
in  the  presence  of  strong  intra-beam  scattering.  These  different 
functions  are  met  by  three  independent  systems.  An 
accelerating  system  at  26.7  Mhz  (h=342),  a  storage  system  at 
196.1  MHz  (h=2508),  and  a  wideband  system  for  the  damping 
of  injection  errors. 

1.  RING  PARAMETERS 

The  Relativistic  Heavy  Ion  Collider  (RHIC)  under  construction 
at  Brookhaven  National  Laboratories  consists  of  two  rings  with 
a  3833.852  meter  circumference,  with  six  intersection  points 
for  colliding  beam  experiments.  The  collider  is  required  to 
accelerate  any  ion  species  from  protons  to  gold.  With  the 
exception  of  protons,  all  ions  must  cross  transition. 

The  baseline  design  calls  for  57  bunches  to  be  injected  from 
the  Alternating  Gradient  Synchrotron  (AGS)  with  an  upgrade 
capability  to  114.  Because  of  the  variety  of  ions  the  collider 
must  accelerate  the  beam  parameters  are  best  described  in 
terms  of  protons  and  gold,  which  are  listed  in  table  I, 


p 

(inj) 

P 

(top) 

Au 

(inj) 

Au 

(top) 

Energy  (y) 

31.2 

268.4 

12.6 

108.4 

Bunch  length 
(ns) 

6.5 

4 

13.5 

7.5 

Synch,  freq. 
(Hz) 

45 

25 

90 

27 

Bunch  area 
(eV/u) 

0.3 

0.3 

0.2 

0.4 

Emittance 
norm,  95% 
(TTmm-mrad) 

20 

20 

10 

15 

Number 

ions/bunch 

10" 

10" 

10’ 

10’ 

Table  I  RHIC  beam  parameters 

*Work  performed  under  the  auspices  of  the  Department  of  Energy 


with  other  ions  falling  between  these  extremes. 

11.  RF  CYCLE 

A.  Injection 

Individual  bunches  from  AGS  are  injected  into  any 
preselected  matched  bucket  in  RHIC,  to  allow  complete 
freedom  in  how  the  ring  is  filled.  Issues  at  injection  include 
emittance  growth  due  to  intrabeam  scattering  for  gold  (growth 
rate  of  6  min.).  Since  protons  are  injected  above,  but  close  to 
transition  the  nominal  matching  voltage  is  19  kV,  whereas  the 
beam  induced  voltage  is  12  kV.  In  order  to  avoid  beam  control 
problems  associated  with  the  large  transients  a  bunch  rotation 
in  AGS  is  proposed  to  increase  the  momentum  spread,  and 
hence  the  matching  voltage,  A  decrease  in  bunch  length  of  1.8 
would  lead  to  a  factor  of  10  increase  in  rf  voltage,  thus 
relieving  the  beam  loading.  Momentum  errors  of  the  order  lO  "^ 
are  expected  and  if  not  corrected  would  lead  to  emittance 
growth  of  30%.  A  wideband  damping  system  with  a  kick 
voltage  of  1000  V/tum  will  reduce  emittance  growth  to  10%. 

R.  Acceleration 

Gold  ions  are  accelerated  from  7^12.6  to  7^108.4, 
requiring  a  0.5%  tuning  range  of  the  accelerating  system.  The 
superconducting  magnets  take  about  74  s  to  ramp  up  to  top 
energy,  which  relates  to  a  maximum  tuning  rate  of  18  kHz/s. 
The  rf  voltage  ramp  will  be  varied  to  prevent  the  synchrotron 
frequency  from  dwelling  near  power  line  harmonics.  Especially 
dangerous  is  the  region  of  30Hz<f3<40Hz,  which  must  be 
passed  through  in  less  than  4  seconds. 

C.  Transition 

The  slow  acceleration  rate  of  a  superconducting 
machine  produces  a  long  (100  ms)  non-adiabatic  time  which 
can  result  in  both  emittance  growth  and  beam  loss.  Beam  is 
lost  from  chromatic  non-linear  effects  and  microwave 
instabilities  due  to  bunch  shape  mis-match  during  transition 
crossing.  A  jump  of  0.8  units  in  60  ms  is  proposed  to 
minimize  these  effects.  The  accelerating  rf  system  must  be  able 
to  switch  phase  in  this  time  and  the  beam  induced 

voltage  in  the  storage  system  kept  below  lOkV/tum  to 
minimize  emittance  blowup. 
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D,  Rebucketing 

Rebucketing  is  the  process  of  moving  the  bunch  from 
the  26.7  MHz  system  to  the  196.1  MHz  system.  Because  the 
bucket  length  in  the  196.1  MHz  system  is  5ns,  in  order  to  have 
a  20%  safety  margin  the  incoming  bunches  must  be  4ns  long. 
The  bunches  are  nominally  6  ns  long  in  the  300  kV  bucket, 
to  adiabatically  shorten  them  with  the  accelerating  cavities 
would  require  a  prohibitive  1.5  MV.  A  bunch  rotation  at  top 
energy  is  therefore  proposed.  At  top  energy  the  bunch  will  be 
shifted  to  the  unstable  fixed  point  where  it  debunches  in  a 
fraction  of  a  synchrotron  period,  and  the  bunch  shifted  back  to 
the  stable  fixed  point.  The  bunch,  now  being  mismatched, 
starts  to  rotate  in  phase  space.  In  3/8  of  a  synchrotron  period 
has  reached  its  minimum  length  position  and  the  storage 
system  is  turned  on.  The  details  of  this  process  are  described 
in  these  proceedings  ^ 

E.  Storage 

The  storage  rf  system  provides  longitudinal  focusing 
to  maintain  short  bunches  for  the  physics  program  in  the 
presence  of  large  intra-beam  scattering  forces. 

III.  ACCELERATING  SYSTEM 

The  accelerating  system  consists  of  two  26.7  MHz 
cavities  per  ring  to  provide  the  necessary  600  kV  per  turn.  The 
accelerating  cavity  is  a  capacitively  loaded  coaxial  quarter 
wave  structure  roughly  2m  long  and  0.84  m  in  diameter.  It  is 
fabricated  from  copper  plated  carbon  steel  with  all  metal  seals 
throughout.  A  complete  description  of  the  cavity  is  given  in 
these  proceedings^.  It  is  driven  by  an  EIMAC  4CW1 50000 
tetrode  which  is  mounted  directly  to  the  cavity  and  loop- 
coupled.  The  configuration  is  shown  in  figure  1. 


A  1  kW  solid  state  driver  amplifier  has  been  developed  which 
will  be  located  within  the  tunnel  to  minimize  delay.  This 
configuration  allows  greater  than  45  dB  of  fast  rf  feedback  to 
be  closed  around  the  cavity  for  impedance  reduction.  Since  this 
loop  is  closed  around  the  AVC  and  tuning  loops  the  tolerances 
on  these  loops  can  be  relaxed  by  either  the  feedback  gain  or 
the  limits  of  the  power  amplifier,  whichever  is  reached  first . 
A  mechanical  tuner^  operates  by  moving  one  of  the  gap 
electrodes  to  change  the  capacitance  and  achieves  a  range  of 
300  kHz.  The  18  kHz/s  tuning  rate  dictated  by  the 
superconducting  magnet  ramp  translates  into  a  bandwidth 
requirement  of  less  than  20  Hz. 

IV.  STORAGE  SYSTEM 

The  storage  system  consists  of  ten  196.1  MHz  ten  re¬ 
entrant  cavities  operating  in  the  TMqiq  mode.  These  are 
arranged  with  four  cavities  common  to  both  beams  in  an 
interaction  region,  and  three  additional  cavities  per  ring  in  the 
separated  arc  region  to  maintain  control  of  the  individual 
beams.  This  gives  seven  cavities  per  beam,  each  capable  of  1 
MV.  The  requirement  of  6  MV  per  ring  can  be  met  with  any 
single  cavity  disabled.  Originally  a  160  MHz  system  was 
planned  but  it  happened  that  CERN  was  introducing 
superconducting  cavities  in  the  SPS  ring  and  was 
decommissioning  part  of  the  200  MHz  "SWC”  system.  A 
feasibility  study  determined  that  these  cavities  could  be  tuned 
to  196.1  MHz  and  adapted  for  use  in  RHIC.  Each  CERN 
cavity  is  equipped  with  a  close-coupled  power  tetrode,  two 
HOM  supressors,  a  pneumatically  controlled  damping  loop  to 
reduce  the  impedance  of  the  fundamental  and  a  DC  servo 
driven  tuner,  with  400  kHz  operating  range.  A  complete 
system  description  may  be  found  in  the  reference"^.  The  cavity 
with  the  power  amplifier,  damping  loop,  HOM  suppressors  and 
tuner  is  shown  in  figure  2. 

In  the  installation  at  CERN  groups  of  eight  cavities  share  a 
common  driver  and  power  supply.  For  operation  at  RHIC 
individual  power  supplies  are  required  to  allow  operations  in 
the  event  of  a  power  supply  crowbar  or  failure.  Individual 
driver  amplifiers  are  necessary  to  be  able  to  implement  fast  rf 
feedback  around  the  cavities  to  reduce  the  impedance  of  the 
fundamental  and  hence  the  transient  beam  loading  effects.  A 
solid  state  4  kW  conunercial  fin  broadcast  amplifier  is  being 
purchased  for  testing.  These  drivers  must  be  located  in  the  ring 
to  minimize  the  delay  in  the  feedback  loop,  and  must  be 
shielded  from  the  radiation  environment.  The  cavities  are  tuned 
by  squeezing  the  cavities  with  a  large  lead-screw  crusher  and 
increasing  the  capacitance  of  the  gap  to  lower  the  frequency. 
The  HOM  suppressors  are  folded  coaxial  quarter  wave  notch 
filters  which  likewise  have  to  be  tuned  to  the  new  frequency. 
The  power  tetrode  is  matched  to  the  16  ohms  of  the  coupling 
loop  through  a  series  of  quarter  wave  transmission  lines  which 
again  have  to  be  re-tuned  to  196.1  MHz.  The  damping  loop  is 
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impedance  to  reduce  the  beam  induced  voltage  at  transition 
crossing.  These  also  require  tuning  to  operate  at  196,1  MHz. 


3)  J.Rose  et  al  "Design  and  Performance  of  a  Prototype  Tuner 
for  RHIC"  these  proceedings 

4)  P.E.Faugeras  "The  New  rf  System  for  Lepton  Acceleration 
in  the  CERN  SPS"  Particle  Accelerator  Proceedings,  1987 


V.  WIDEBAND  SYSTEM 


There  is  one  wideband  system  per  ring  to  act  as  a 
longitudinal  damper  to  damp  out  momentum  errors  at  injection. 
Because  RHIC  operates  with  bunch  to  bucket  injection  this 
system  must  act  on  individual  bunches.  This  requires  a 
bandwidth  of  at  least  +/-  57fo  for  the  case  of  114  bunches, 
where  ^  is  the  bunch  rotation  frequency. 
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A  NEW  RF  SYSTEM  FOR  BUNCH  COALESCING  IN  THE  FERMILAB 

MAIN  RING 

J.  Dey,  L  Kourbanis,  and  D.  Wildman,  Fermi  National  Accelerator  Laboratory ,  Batavia,  IL  60510  USA 


Abstract 

A  new  RF  system  for  improving  both  the  proton  and 
antiproton  bunch  coalescing  efficiencies  has  been 
instiled  in  the  Fermilab  Main  Ring.  The  system 
consists  of  five,  ferrite-loaded  RF  cavities  operating  at  a 
fixed  frequency  of  2.5  MHz  and  a  second  harmonic 
cavity  at  5.0  MHz.  Each  cavity  is  driven  by  a  5  kW 
solid-state  power  amplifier  and  can  produce  a  peak 
accelerating  gap  voltage  greater  than  15kV.  An 
overview  of  the  entire  system  will  be  presented  along 
with  a  detailed  description  of  the  RF  cavity  design 
including  ferrite  selection  and  testing  procedures. 

I.  INTRODUCTION 

One  of  the  present  functions  of  the  Fermilab  Main 
Ring  is  to  act  as  a  150  GeV  injector  for  the  Tevatron 
Collider.  In  this  mode  of  operation,  9  to  13  bunches  of 
protons  or  antiprotons  are  combined  into  a  single  high 
intensity  bunch  before  being  injected  into  the  Tevatron. 
This  process,  known  as  bunch  coalescing  [1],  is 
accomplished  using  two  RF  bunch  rotations.  The  first 
rotation,  to  lower  the  beam  energy  spread,  takes  place  in 
the  normal  Main  Ring  RF  h=1113  (53  MHz)  bucket  with 
some  additional  linearizing  h=2226  (106  MHz).  In  the 
second  RF  rotation,  the  low  energy  spread  beam  is 
rotated  for  aquarter  of  a  synchrotron  period  in  an  h=53 
(2.5  MHz)  bucket  linearized  with  some  additional  h=106 
(  5  MHz)  voltage.  This  rotated  ensemble  of  bunches  is 
then  recaptured  into  a  single  h=1113  bucket  and  injected 
into  the  Tevatron.  The  efficiency  of  this  coalescing 
process  is  a  function  of  both  the  initial  longitudinal 
emittances  of  the  individual  bunches  and  the  RF  voltage 
available  for  the  h=53  bunch  rotation. 

To  achieve  higher  initial  luminosity  in  the  Tevatron 
Collider,  the  Main  Ring  has  been  operating  at  higher 
beam  intensities  and  larger  longitudinal  emittances.  To 
coalesce  these  higher  intensity  bunches  efficiently,  it 
has  become  necessary  to  raise  the  h=53  and  h=106  RF 
voltages  by  a  factor  of  2.5  from  24kV(6kV)  to 
60kV(15kV).  Simulations  of  beam  dynamics  and  the 
results  of  this  upgrade  are  presented  in  another  paper 
presented  at  this  conference  [2]. 

The  previous  coalescing  RF  system  consisted  of  six 
modified  PPA  (  Penn-Princeton  Accelerator)  cavities 
[3]  driven  by  25  kW  power  tetrode  amplifiers  mounted 
on  top  of  the  cavities  in  the  Main  Ring  tunnel.  The 
accelerating  voltage  available  from  these  cavities  was 
limited  by  the  high  field  losses  encountered  in  the  PPA 
cavities’  4C4  NiZn  ferrite  cores. 


Gap  Voltage  (Vp) 

^  Philips 

ffl  CMI 

©  Ceramic  Magnetics 

Figure  1:  Power  Dissipated  in  Ferrite  Cores 

IL  FERRITE  SELECTION  AND  TESTING 

During  the  initial  stages  of  this  coalescing  upgrade,  a 
literature  search  revealed  that  newer  types  of  NiZn 
ferrites  were  commercially  available  with  significantly 
lower  high  field  losses  [4].  A  decision  was  made  to  test 
several  of  these  new  ferrites  to  determine  their  properties 
and  high  field  losses  at  2.5  and  5  MHz.  Three  different 
vendors  each  supplied  three  full  size  NiZn  rings  for  our 
tests.  Philips  supplied  three  one-piece  type  4M2  rings  in 
their  standard  size  of  500mm  OD  X  200mm  ID  X  25.4 
mm  thick.  Ceramic  Magnetics  delivered  three  C2025 
cores  20"OD  X  7.5'ID  X  1"  thick.  Each  toroid  was 
assembled  from  six  wedges  bonded  together.  CMI 
Technology  supplied  three  type  N125  cores  in  sixteen 
wedges  that  formed  a  20"OD  X  7.5"ID  X  1"  thick  toroid. 

To  accurately  measure  the  RF  losses  in  the  ferrites 
at  high  magnetic-flux  density,  Brf,  a  single  ferrite  core 
was  inserted  into  a  coaxial  aluminum  resonator  test 
fixture.  The  test  fixture  was  tuned  to  2.5  MHz  using 
several  high  Q  ceramic  transmitting  capacitors.  Energy 
was  magnetically  coupled  into  the  resonator  with  a  thin 
loop  made  from  .003"  thick  copper  foil.  To  obtain  a  50 
ohm  input  impedance  at  the  coupling  loop,  each  of  the 
test  ferrites  was  sliced  in  half  and  the  coupling  loop  area 
was  adjusted  between  the  two  halves  of  the  cores.  The 
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Figure  2:  2.5  Mhz  Coalescing  Cavity 


test  fixture  was  excited  using  either  a  250  watt  or  1  kW 
power  amplifier.  The  power  deposited  in  the  ferrite  core 
was  measured  as  the  excitation  frequency  was  swept 
through  resonance  at  2.5  MHz.  The  power  loss  in  the 
ferrite  was  calculated  from  the  measured  forward  and 
reflected  power  fi*om  a  calibrated  high  power  directional 
coupler  (Werlatone  model  C2784)  inserted  into  the 
drive  line.  All  power  measurements  were  made  using  an 
HP  8753C  network  analyzer.  The  voltage  developed 
across  the  test  fixture  gap  was  measured  using  a 
specially  designed  capacitively  coupled  monitor  and 
several  different  commercially  available  voltage  probes 
(Tektronix  6015A,  HP  85024A,  or  HP  1124A.)  A  plot  of 
power  lost  vs.  gap  voltage  is  shown  in  Fig.  1.  for  each  of 
the  three  different  cores  (Note:  the  three  CMI  cores 
showed  significant  differences  between  cores.)  A  test 
fixture  gap  voltage  of  600  volts  corresponds  to  an 
average  <Brf>  of  100  gauss  and  a  maximum  Brf  of 
approximately  164  gauss  in  the  ferrite  core.  All  of  the 
manufacturers  cores  exhibited  similar  losses  at  low 
<Brf>.  However;  the  Philips  4M2  clearly  showed 
significantly  lower  losses  at  the  highest  Brf  and  was  our 
choice  for  the  new  cavities.  In  fact,  the  losses  were  low 
enough  to  allow  us  to  consider  driving  the  new  cavities 
with  all  solid-state  amplifiers.  An  additional  advantage 
of  choosing  solid-state  power  amplifiers  is  that  they 
could  be  easily  located  in  an  above  ground  service 
building;  providing  easy  access  for  maintenance  and 
repair  during  a  colliding  beams  store. 

III.  CAVITY  DESIGN 

A  diagram  of  the  final  cavity  design  is  shown  in  Fig.2. 
Each  cavity  consists  of  two  fore-shortened,  coaxial, 
quarter-wave  resonators  with  a  single  accelerating  gap  at 
the  center  of  the  cavity.  The  entire  resonator  is  made 
from  6061T-6  aluminum  components  which  are  TIG 
welded  together.  The  outer  shell  is  a  piece  of  5/16" 
thick  aluminum  stock,  rolled  and  welded  into  a  40"  long 
cylinder  with  an  inner  diameter  of  19.9"  ±  0.1".  The  inner 
conductors  consist  of  7.5"OD  X  7"ID  X  18"  long  tubes 


which  are  joined  at  the  shorted  ends  of  the  cavity  by 
3/8"  thick  flanges.  The  cavity  has  a  separate  6" 
diameter  stainless  steel  vacuum  beam  pipe  with  a  6"  ID 
cylindrical  ceramic  window  (Ceramaseal  #  13 652-03- W) 
which  slides  inside  the  resonator’s  inner  conductors. 
Two  strips  of  beryllium  copper  finger  stock,  mounted 
around  the  outside  of  the  vacuum  beam  pipe,  center  the 
beam  pipe  inside  the  inner  conductors  and  prevent  any 
RF  leakage  out  of  the  cavity.  Four  4.5"  dia.  ports  are 
located  around  the  center  of  the  outer  cavity  shell  to 
allow  access  to  the  gap  tuning  capacitors.  The  cavity  is 
supported  by  two  V-blocks  mounted  on  a  1"  thick 
aluminum  plate. 

The  2,5  MHz  and  5  MHz  cavities  are  identical 
except  for  the  number  of  ferrite  rings  and  the  gap 
capacitance.  The  2.5  MHz  cavity  has  a  total  of  34 
ferrite  rings,  17  in  each  half.  The  5  MHz  version  has  24 
ferrites,  12  in  each  half.  Due  to  the  extremely  low 
average  power  dissipated  in  the  cavities  (<  6  watts), 
direct  cooling  of  the  ferrites  was  unnecessary.  The 
ferrites  were  placed  adjacent  to  one  another  (with  the 
exception  of  the  ferrite  located  at  the  50  ohm  tap 
position  which  has  a  1/8"  polyethylene  spacer  ring.)  To 
help  cushion  the  ferrites  during  transport  and  installation, 
the  interior  of  the  outer  shell  was  lined  with  a  sheet  of 
1/8"  HDPE  and  the  ferrites  were  secured  at  the  gap 
region  by  six  UHMW  polyethylene  blocks.  This 
polyethylene  liner  along  with  the  ferrites  and  a  small  air 
gap  surrounding  the  inner  conductor  forms  a  coaxial 
transmission  line  with  a  characteristic  impedance  of 
260  ohms.  The  ferrite  rings  are  maintained  at  a  constant 
temperature  by  95°F  water  circulating  through  0.5" 
square  aluminum  tubing  (0.25"  dia,  inner  water  channel) 
welded  directly  to  the  outer  shell. 

The  cavities  are  driven  by  a  single  1"  wide 
aluminum  coupling  loop  at  one  end  of  the  cavity  which 
enters  through  a  standard  1-5/8"  EIA  flanged  port  and  is 
welded  to  the  inner  conductor.  For  the  2,5  MHz 
cavities,  the  correct  50  ohm  tap  point  was  achieved  by 
machining  a  1"  wide  slot,  approximately  .75"  deep,  in 
the  second  ferrite  from  the  shorted  end.  A  1/8"  thick 
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HDPE  ring  was  also  inserted  in  these  cavities  between 
the  second  and  third  rings  to  reduce  the  imaginary 
component  of  the  cavity  input  impedance.  In  the  5  MHz 
cavity  the  input  loops  a  single  ferrite  which  is  spaced 
from  the  other  ferrites  by  a  1"  thick  HDPE  ring. 

The  2.5  MHz  cavities  were  tuned  to  resonance  with  a 
gap  capacitance  of  approximately  llOpf.  Two  lOOpf 
ceramic  transmitting  capacitors  (Philips  859S-100Z)  in 
series,  combined  in  parallel  with  a  7-75  pf  variable 
vacuum  capacitor  (Jennings  CVFA-75-0030),  provided  a 
simple  method  of  tuning  the  cavity.  In  the  final  cavity 
tuning  process,  the  cavity  was  deliberately  tuned  10  kHz 
higher  in  frequency  at  low  power  to  compensate  for  the 
small  frequency  shift  observed  with  the  cavity  RF  power 
level.  The  cavity  gap  voltage  is  monitored  by  two 
capacitively-coupled  probes  symmetrically  placed  2-1/4" 
on  either  side  of  the  gap.  The  monitors  are  made  from 
3/32"  diameter  machined  brass  rods,  3"  long,  soldered  to 
N-type  coaxial  feedthroughs  extending  through  the  outer 
cavity  shell  wall.  The  monitors  were  calibrated  using 
two  HP  85024A  high  frequency  probes  connected  to  an 
HP  8753C  network  analyzer.  One  high  frequency  probe 
was  placed  directly  across  the  accelerating  gap,  while 
the  other  probe  was  attached  to  the  gap  monitor.  The 
nominal  ratio  of  gap  voltage  to  monitor  voltage  for  the 
cavities  is  15,000/1.  This  calibration  was  verified  after 
installation  in  the  Main  Ring  by  observing  the 
synchrotron  period  of  the  proton  beam  rotating  in  the  2.5 
MHz  bucket. 

The  unloaded  Q  of  the  2.5  MHz  cavities  was  125  ±  5. 
The  5  MHz  cavity  had  a  slightly  lower  Q  of  95.  Using 
low  level  RF  signals,  the  cavities’  shunt  impedances 
were  found  to  be  in  the  range  of  48-52  KQ  using  an  HP 
4193A  vector  impedance  meter  probe  placed  across  the 
accelerating  gap.  These  values  agree  with  the  shunt 
impedances  calculated  from  the  measured  gap  voltage 
and  the  power  deposited  in  the  cavity  from  directional 
coupler  measurement  in  the  input  transmission  line.  At 
cavity  gap  voltages  in  the  range  of  12kV  to  17kV,  the 
shunt  impedance  slowly  declined  by  approximately  10%. 

IV.  THE  AMPLIFIER 

Each  cavity  is  powered  by  a  Lambda  RF  Systems 
model  PA5K-30LC,  water  cooled,  solid-state  linear 
MOS  FET  amplifier  which  was  specifically  designed  for 
Fermilab.  Each  amplifier  consists  of  6  power  amplifier 
modules,  three  48  volt  dc  power  supplies,  one  RF 
combiner,  and  a  system  control  unit.  The  amplifier, 
shown  in  Fig.  3,  has  a  nominal  gain  of  60  dB,  The  total 
output  power  is  greater  than  5  kW  into  a  50  ohm  load 
over  a  frequency  range  of  2.5  to  5  MHz.  The  amplifier 
modules  can  be  easily  modified  for  operation  at  7.5  and 
15  MHz  to  accommodate  future  changes  in  Colliding 
Beams  bunch  spacing. 


Figure  3:  Front  and  rear  views  of  the  5  kW  solid-state 
power  amplifier. 

The  amplifiers  are  connected  to  the  cavities  in  the 
Main  Ring  tunnel  by  approximately  200  ft  of  7/8" 
coaxial  transmission  line  (Andrew  LDF5-50A).  To 
obtain  the  best  possible  50  ohm  matching  conditions, 
open  and  shorted  tuning  stubs,  made  from  lengths  of  7/8" 
coaxial  cable,  have  been  added  at  the  5  kW  amplifier 
outputs. 
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Abstract 

The  shunt  impedance  and  frequency  of  the  higher 
order  modes  [HOM]  of  the  Main  Ring  Cavity  (/z  =  1 1 13)  at 
Fermilab  were  measured  using  the  stretched  wire  method. 
The  results  of  the  stretched  wire  measurements  and  a  cavity 
transmission  line  model  of  the  modes  will  be  given. 

1.  SHUNT  IMPEDANCE  MEASUREMENT 

Shunt  impedance  measurements  have  been  made 
on  a  Main  Ring  Cavity  [1],  shown  in  Figure  1,  that  tunes 
between  52.812  and  53.104  Mhz  with  two  ferrite  tuners. 
The  cavity  has  a  typical  gap  voltage  of  250  kV  per  cavity  at 
the  gap.  The  stretched  wire  method  is  essentially  a  voltage 
divider  circuit  where  one  part  of  the  divider  is  a  50 


resistor  and  the  other  is  a  fixture  (Figure  2)  with  a  wire 
across  the  gap  of  the  cavity.  The  50  Q  resistor  and 
stretched  wire  fixture  are  in  series  with  each  other.  The 
frequency  drive  to  the  fixture  was  supplied  by  an  HP  8753C 
network  analyzer.  The  first  voltage  measured  by  the 
analyzer  was  across  both  the  fixture  and  the  50  Q  resistor. 
The  second  voltage  was  measured  across  just  the  50  Q 
resistor  by  a  HP  85024A  high-frequency  probe  to  the 
analyzer.  The  frequency  and  voltages  at  each  of  the  resonant 
modes  of  the  cavity  were  then  recorded.  To  remove  the 
impedance  of  the  stretched  wire  fixture,  the  fixture  was 
placed  across  only  the  beam  pipe  (Figure  2)  and  the  fixture 
impedance  was  measured  at  each  frequency  of  the  resonant 
modes  of  the  cavity.  The  corresponding  impedances  of  the 
fixture  were  then  subtracted  from  each  of  the  cavity  modes 
to  give  the  final  shunt  impedance. 


*Operated  by  Universities  Research  Association,  Inc.  under  contract  with  the  U.S.  Department  of  Energy, 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1675 


Figure  2:  Stretched  Wire  Fixture. 


IL  TRANSMISSION  LINE  MODEL 

The  circuit  in  Figure  3  was  simulated  on 
RFLab'^^.  The  capacitors  1  and  2  represent  the  gap 
capacitance  of  each  of  the  respective  cavity  gaps. 
Transmission  lines  1  and  2  represent  the  beam  pipe  as  the 
inner  conductor  and  the  intermedite  cylinder  as  the  outer 
conductor  of  the  line.  Transmission  lines  3  and  4  represent 
the  folded  portion  of  the  cavity.  Transmision  lines  5  and  6 
represent  the  intermediate  cylinder  as  the  inner  conductor 
and  the  outer  shell  of  the  cavity  as  the  outer  conductor  of 
the  line.  Inductor  1  is  the  inductance  of  the  1  kV  dc  bias 
circuit  to  the  intermediate  cylinder.  The  model  predicts 
(measured)  odd  modes  at  52  (53.191),  131  (127.25),  225 
(227.549),  and  328  (336.876)  Mhz,  and  even  modes  at  80 
(82.253),  200  (197.776),  and  264  (261.996)  Mhz  when 
looked  at  from  port  1. 

IL  HOM  OF  THE  MAIN  RING  CAVITY 


the  Main  Ring  tunnel. 
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The  data  presented  in  Figures  4  and  5  are  for  the 
cases  where  the  dc  bias  current  to  the  ferrite  tuners  was  zero 
and  full  bias  (2000  A).  The  data  was  taken  with  the  cavity 
mode  dampers  in  place  as  shown  in  Figure  1.  This  is  the 
present  state  of  all  the  dampers  on  the  eighteen  cavities  in 
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Figure  3:  Transmission  line  model  of  Main  Ring  Cavity. 
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Figure  5:  Shunt  Impedance  at  Full  Bias  of  Main  Ring  Cavity. 
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Abstract 

In  RF  cavities,  built  at  BINP  for  electron-positron  storage 
rings,  special  tuners  are  provided  for  higher  order  modes 
(HOMs).  The  HOM  tuners  effect  on  different  modes  in 
different  ways.  Electrical  characteristics  and  tuning  curves  of 
cavity  modes  are  measured.  Using  these  experimental  data, 
the  beam-cavity  interaction  at  higher  order  modes  is  analyzed 
for  different  HOM  tuner  positions.  There  are  combinations  of 
HOM  tuner  positions,  at  which  the  cavity  caused  beam 
instabilities  may  occur,  and  there  are  combinations,  at  which 
they  may  not.  The  last  ones  are  recommended  for  routine 
cavity  operation. 

INTRODUCTION 

Beam-cavity  interaction  on  higher  order  modes  may 
cause  beam  instabilities,  coherent  energy  losses  and  other 
phenomena.  Different  ways  are  possible  for  minimizing 
negative  effects  of  that  interaction  for  the  beam. 

In  one  way  the  cavity  geometry  may  be  chosen  so  that  the 
frequencies  of  higher  order  modes  are  far  from  harmonics  of 
beam  revolution  frequency  and  beam-cavity  interaction  is 
rather  weak.  This  way  is  especially  good  when  the 
accelerator  or  the  storage  ring  is  small  and  therefore,  the 
beam  revolution  frequency  is  high,  i.  e.  the  distance  between 
harmonics  is  large. 

The  other  approach  is  the  damping  of  the  Q  of  higher 
order  modes.  If  the  HOM  bandwidths  become  greater  than 
the  repetition  rate  of  the  particle  bunches,  coherent  beam 
instabilities  cannot  be  excited  by  cavity  HOMs.  This 
approach  is  good  for  large  machines  for  the  necessary  Q 
damping  is  not  strong  in  that  case. 

The  third  way  is  the  evolution  of  the  first  one.  It  is  the 
correction  of  HOM  frequencies  of  the  cavity  by  special  tuners 
in  order  to  avoid  beam  instabilities.  The  smaller  the  machine 
is,  the  easier  it  is  to  solve  the  problem. 

At  Novosibirsk  we  have  used  the  last  approach  to 
different  RF  cavities  for  years  [1].  We  can  do  that  because 
our  machines  are  not  very  large.  The  largest  machine  is 
VEPP-4  electron-positron  collider  with  its  revolution 
frequency  of  0.82  MHz.  An  accelerator  of  that  size  is 
probably  the  largest  machine  for  which  the  HOM  frequency 
correction  approach  can  be  applied. 

HOM  TUNERS 

We  use  HOM  tuners  of  different  types.  In  one  case  it  is  a 
barrel  that  can  be  plunged  into  the  cavity.  In  other  case  it  is  a 


plate  of  an  ©o-like  shape  the  bigger  axis  of  which  is  parallel  to 
the  beam  axis.  It  may  also  have  a  shape  of  a  fork  or  a  rod.  If 
the  beam  revolution  frequency  is  high,  only  one  HOM  tuner 
can  be  used.  Its  position  is  chosen  so  that  it  affects  the  most 
dangerous  higher  order  mode.  So,  the  RF  cavity  of  VEPP-3 
storage  ring  (beam  revolution  frequency  is  4  MHz,  RF 
frequency  is  72  MHz)  has  one  HOM  tuner. 

If  the  beam  revolution  frequency  is  low  or  the  bunch  size 
is  very  small,  several  HOM  tuners  are  needed  for  proper 
correction  of  the  HOM  frequencies.  Each  tuner  acts  on 
different  modes  in  different  ways.  E.  g.,  there  are  three  HOM 
tuners  in  each  of  six  cavities  of  VEPP-4  collider  (revolution 
frequency  0.82  MHz,  RF  frequency  181  MHz)  [2].  Two  of 
them  are  shown  in  Figure  1 . 


Figure  1:  HOM  tuners  of  VEPP-4  cavities. 


RF  MEASUREMENTS  OF  HIGHER  ORDER 
MODES  IN  RF  CAVITIES 

We  have  built  a  specialised  automated  setup  for  study  of 
the  higher  order  modes  in  RF  cavities.  At  the  setup 
characteristics  of  the  fundamental  and  higher  order  modes 
can  be  measured  including  Q  and  R/Q  values,  shunt 
impedances,  resonance  frequencies  of  the  modes,  and  the 
effects  of  tuners  on  them. 

Figure  2  presents  experimental  frequencies  and 
impedances  of  the  fundamental  mode  and  the  higher  order 
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Figure  2:  Modes  of  a  VEPP-4  cavity. 

modes  of  a  VEPP-4  cavity  that  have  longitudinal  electrical 
field  on  the  beam  axis. 

The  dependence  of  the  frequencies  of  some  higher  order 
modes  on  HOM  tuner  positions  is  shown  in  Figure  3.  The 
numbers  of  curves  correspond  to  the  numbers  of  HOM  tuners. 
Thin  solid  horizontal  lines  at  the  plots  correspond  to 
harmonics  of  the  beam  revolution  frequency  of  the  VEPP-4. 


APPLICATION  TO  BEAM  DYNAMICS 

Experimental  data  allow  to  compute  the  integral 
influence  of  the  higher  order  modes  of  the  cavity  on 
longitudinal  beam  dynamics.  The  results  of  the  analysis  for 
the  single  bunch  mode  of  operation  of  the  VEPP-4  are 
presented  in  Figure  4.  25  higher  order  modes  of  one  cavity 
with  greater  impedances  in  the  frequency  range  up  to  1200 
MHz  were  taken  into  account.  The  coordinates  at  the 
diagrams  are  the  positions  of  the  cavity  tuners  of  number  n. 

For  each  point  of  the  diagram,  the  value  of 

N  Mn+2 

S  =  'Z  t.^^ni¥o+fs)-Rn{¥o-fs) 

n=lk=Mf^-2 

is  computed.  Here  Rn  (f)  is  the  value  of  the  real  part  of  the 
impedance  of  the  n-th  higher  order  mode  at  the  frequency  /, 
fo  is  the  revolution  frequency  of  the  beam  in  the  storage  ring, 
Mnfo  (Mn  is  an  integer)  is  the  harmonic  of  the  revolution 
frequency  which  is  the  nearest  to  the  n-th  mode,  is  the 
frequency  of  synchrotron  oscillations.  N  is  the  number  of  the 
higher  order  modes  taken  into  account. 


X(^)  X(S)=^  X{2)  X(3)=17 


X(2)  X(3)^^^  X(2)  X(3)  =  \7  ^=-30'* 


Figure  4:  Areas  of  longitudinal  instability  as  functions 
of  HOM  tuner  positions  and  tune  \j/  of  the  fundamental 
mode. 

As  it  is  known  [3],  if  the  sum  5  >  0  then  beam-cavity 
interaction  at  the  higher  order  modes  may  produce  a  positive 
increment  of  the  phase  oscillations  of  the  bunch  that  will 
cause  longitudinal  beam  instability.  If  5  <  0,  then 
beam-cavity  interaction  at  the  higher  order  modes  produces  a 
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negative  increment  (i.  e.  a  positive  decrement)  of  the  phase 
oscillations  of  the  bunch  and  the  longitudinal  bunch  motion 
would  be  stable.  The  black  areas  at  the  diagrams  correspond 
to  conditions  when  the  increment  of  the  phase  oscillations  of 
the  bunch  due  to  beam-cavity  interaction  may  be  positive. 
Therefore,  one  should  set  tuners  at  positions  corresponding  to 
white  areas. 

For  three  HOM  tuners  the  whole  diagram  is  three- 
dimensional.  The  diagrams  in  the  Fig.  4  are  two-dimensional 
sections  of  this  three-dimensional  picture.  They  are  plotted  in 
coordinates  of  HOM  tuners  #1  and  #2,  for  fixed  positions  of 
the  tuner  #3. 

The  fundamental  mode  of  the  cavity  plays  an  important 
role  in  the  longitudinal  beam  dynamics  due  to  its  great 
impedance.  The  effect  depends  on  the  tune  of  the 
fundamental  mode.  Figure  4  illustrates  it.  The  first  three 
diagrams  are  plotted  for  zero  tune  of  the  fundamental  mode 
(i.  e.  it  is  tuned  exactly  to  the  resonance).  The  fourth  diagram 
is  plotted  for  the  fundamental  mode  tuned  30°  off  the 
resonance  to  the  lower  frequency.  The  positions  of  the  tuner 
#3  are  equal  for  plots  Z?)  and  d).  One  can  see  that  the 
forbidden  areas  become  much  more  narrow  with  the 
fundamental  mode  detuned. 

The  recommendations  obtained  in  this  analysis  are  to  be 
considered  as  preliminary  ones.  During  operation  of  the 
cavity  in  the  machine  the  actual  frequencies  of  the  higher 
order  modes  differ  from  the  values  measured  at  low  level.  A 
reason  is  the  deformation  of  the  cavity  due  to  RF  heating. 
This  deformation  is  complex  and  differs  from  an  ideal  model 
taken  into  account  in  our  analysis.  Another  source  of  error  is 
the  impedance  of  the  RF  power  amplifier  connected  to  the 
main  cavity  coupler  through  the  transmission  line.  Both  of 
these  factors  cause  perturbations  of  frequencies  of  the  higher 
order  modes.  Therefore,  the  right  positions  of  the  HOM 
tuners  are  elucidated  by  beam  tests  in  the  machine. 

For  the  multibunch  mode  of  operation  of  the  storage  ring 
a  new  analysis  [4]  of  HOM  tuner  positions  is  required.  This 
analysis  should  take  into  account  the  number  of  bunches,  the 
distance  between  them,  the  numbers  of  particles  in  each 
bunch,  and  the  positions  of  RF  cavities  in  the  storage  ring. 


A  single  bunch  approach  to  the  beam-cavity  interaction 
can  be  applied  to  the  multy-bunch  mode  of  operation,  if  the 
frequencies  of  synchrotron  oscillations  of  the  bunches  are 
different  enough  and  they  may  be  considered  independent 
from  each  other. 

CONCLUSION 

Right  tuning  of  high  order  modes  of  RF  cavities  is  an 
effective  way  to  avoid  beam  phase  instability  for  small  and 
medium  electron-positron  storage  rings  operating  in  a  single 
bunch  mode.  This  way  is  applied  to  RF  cavities  of  different 
storage  rings  built  at  Novosibirsk.  This  technique  can  be 
applied  to  the  multibunch  mode  of  operation  as  well.  To  this 
end  splitting  of  synchrotron  frequencies  of  bunches  is  to  be 
done.  It  can  be  achieved  by  an  additional  RF  system  which 
frequency  is  not  multiple  of  the  main  RF. 
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Abstract 

RF  system  of  the  VEPP-4M  collider  consists  of  six 
181  MHz  copper  cavities  fed  from  a  single  RF  power  source. 
The  cavity  has  a  0  of  50,000  and  a  shunt  impedance  of 
15  MOhm.  The  cavities  are  connected  to  a  waveguide 
distributing  system  with  the  aid  of  coaxial  lines.  The  distance 
between  cavity  connections  is  equal  to  one  wave  length. 
Dimensions  of  the  rectangular  waveguide  are  chosen  in  such 
a  way  that  the  guide  wave  length  is  equal  to  two  ffee-space 
wave  length.  Power  distribution  along  the  cavity  chain  is 
proportional  to  the  distribution  of  cavity  shunt  impedances 
due  to  a  proper  design  of  the  coax-to-waveguide  transitions. 
The  two-tube  tetrode  amplifier  presently  has  an  output  RF 
power  of  300  kW.  After  upgrading  of  the  RF  system  its 
power  will  increase  to  1 .2  MW. 

INTRODUCTION 

VEPP-4M  electron-positron  collider  is  the  modified 
VEPP-4  storage  ring  designed  for  operation  with  two  electron 
and  two  positron  bunches  at  the  energy  up  to  6  GeV  for  each 
bunch.  The  storage  ring  has  the  circumference  of  366  m  and 
the  beam  revolution  frequency  of  819  kHz. 

Main  RF  system  of  the  VEPP-4M  consists  of  the  control 
electronics,  RF  grid  tube  power  amplifiers,  RF  power 
transport  and  distribution  system  and  six  RF  accelerating 
cavities  (presently  only  five  RF  cavities  are  installed  into  the 
storage  ring).  The  frequency  of  the  main  RF  system  is 
181  MHz  that  corresponds  to  222nd  harmonic  of  the  beam 
revolution  frequency.  Table  1  presents  some  design 
parameters  of  the  RF  system. 


Table  1:  Main  Parameters  of  RF  System 


Energy  of  particles,  GeV  - 

5.3 

6.0 

Total  electron  and  positron  current,  mA  - 

200 

80 

Radiation  energy  loss,  MeV  ” 

2.7 

4.4 

Accelerating  voltage,  MV  - 

5.5 

8.5 

Power  loss  in  RF  cavities,  kW  - 

250 

600 

Power  transferred  to  beam,  kW 

550 

400 

Total  RF  power,  kW  “ 

800 

1000 

RF  CAVITIES 

The  geometry  of  the  cavity  and  its  design  are  shown  in 
Figure  1.  Cavity  characteristics  are  summarized  in  Table  2. 

Cavity  walls  and  other  internal  parts  are  made  of  copper. 
They  are  cooled  by  demineralized  water.  The  cavity  is  placed 
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in  a  stainless  steel  tank.  A  very  high  vacuum  in  the  cavity 
(10‘^“10‘^  Pa)  is  obtained  by  a  sputter  ion  pump  and  a 
gettering  pump.  The  stainless  steel  tank  is  evacuated 
separately  by  a  sputter  ion  pump  to  about  10'^  Pa.  The  cavity 
can  be  baked  out  to  a  temperature  of  300“-400®C  using  tape 
heaters  mounted  on  the  cavity  wall  inside  the  vacuum  tank. 
Thermal  shields  are  used  for  reduction  of  the  heat  losses. 
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Figure  1 :  Schematic  view  ofRF  cavity 


Table  2:  Parameters  of  the  cavity 


Resonance  frequency  “ 

180.9  MHz 

Tuning  range  of  cavity  frequency  - 

200  kHz 

Tuning  rate  - 

4  kHz/s 

Accelerating  voltage  (V)  “ 

0-1500  kV 

Q  value  " 

50,000 

R/Q  value  (*)  “ 

292  Ohm 

Shunt  impedance  (*)  “ 

15  MOhm 

Wall  loss  at  V=  1000  kV- 

150  kW 

Maximal  power  flux  at  V  =  1500  kV  - 

4.8  W/cm^ 

(*)  Shunt  impedance  R  is  defined  as  R  =  VVP, 
y2_  E^cos(kz)dzf  +  (1  E^sin(kz)dzf 


The  tuning  of  the  cavity  is  performed  by  squeezing  the 
side  walls  using  a  d.c.  motor  drive  with  a  gear  box  and  levers. 
There  are  no  sliding  joints  at  this  way  of  cavity  tuning. 

Three  special  HOM  tuners  are  provided  for  tuning  the 
higher  order  modes  of  the  cavity  in  order  to  avoid  beam 
instabilities.  This  technique  is  described  separately  [1]. 

A  ring-shape  d.c.  biased  electrode  is  placed  in  the  cavity 
in  order  to  suppress  multipacting.  For  the  same  purpose  the 
main  loop  is  isolated  from  the  cavity  and  also  d.c.  biased. 
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RF  POWER  TRANSPORT  AND 
DISTRIBUTION  SYSTEM 

The  general  scheme  of  the  power  part  of  the  RF  system  is 
shown  in  Figure  2.  As  one  can  see,  there  are  no  magic  tees  or 
directional  power  dividers,  no  ferrite  circulators  in  the  RF 
system.  The  cavities  in  the  storage  ring  are  grouped  by  three. 
The  distance  between  two  cavities  in  a  group  is  equal  to  the 
free-space  wave  length  X  (165  cm).  The  distance  between 
cavity  groups  is  equal  to  a  multiple  of  X.  Therefore,  the  fields 
in  the  cavities  must  be  in  phase.  All  cavities  are  driven  by  a 
single  RF  power  source. 

RF  power  is  transmitted  over  a  rectangular  waveguide. 
The  waveguide  has  different  cross-sections  in  different  parts: 
between  cavities  in  a  group  (waveguide  power  divider), 
between  cavity  groups,  and  between  cavities  and  power 
amplifier  (regular  waveguide). 

Each  cavity  has  a  main  coupler  of  a  loop  type.  It  is 
connected  to  the  waveguide  with  a  short  coaxial  line  using  a 
coax-to-waveguide  transition  which  is  placed  near  a  small 
side  wall  of  the  waveguide.  The  waveguide  between  RF 
cavities  has  cross-section  of  95.6  x  50  cm^.  The  guide  wave 
length  A  is  equal  to  two  free-space  wavelength  X.  So  the 
distance  between  coax-to-waveguide  transitions  in  a  group  is 
equal  to  A/2  and  the  distance  between  cavity  groups  is  equal 
to  a  multiple  of  A. 

For  obtaining  the  right  phasing  of  cavity  fields,  the  main 
coupling  loop  in  the  middle  cavity  of  a  group  is  rotated  on 
180°  to  the  loops  of  other  cavities. 


There  is  a  special  feature  of  connection  of  the  cavity  #1  to 
the  waveguide  divider.  Due  to  a  lack  of  free  space  the  cavity 
is  connected  to  the  waveguide  in  the  cross-section  of  the 
cavity  #2  but  near  the  other  side  wall.  For  the  right  phasing 
of  the  cavity  #1,  the  length  of  coaxial  line  is  at  'SJ2  more 
than  for  the  cavity  #2. 

The  design  of  the  coax-to-waveguide  transition  and  the 
length  of  coaxial  line  to  a  cavity  are  chosen  so  that  the  matrix 
of  transmission  from  the  waveguide  to  a  cavity  has  a  form: 

0  i/Gl 
iG  0  J’ 

where  G  =  Ic/Vw  is  a  transconductance  (4  is  a  current, 
driving  a  cavity,  and  is  a  voltage  in  the  middle  point  of 
the  waveguide).  The  G  value  is  adjusted  to  provide  the 
matched  conditions  in  the  waveguide  at  the  highest  design 
level  of  RF  power  transferred  to  cavities  loaded  by  the  beam. 


Figure  3:  Schematic  view  and  equivalent  circuit  of  coax-to- 
waveguide  transition  ofRF  power  dividing  system. 
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The  schematic  view  of  the  coax-to-waveguide  transition 
and  its  equivalent  circuit  is  shown  in  Figure  3.  The  antenna 
inductance  is  compensated  by  a  capacitor  tuner  placed  in  the 
middle  point  of  the  waveguide. 

With  this  scheme  of  driving  RF  cavities,  the  driving 
currents  4  always  equal  irrespective  of  actual  values  of 
total  cavity  impedances  (with  due  account  of  beam 
loading)  and  are  determined  only  by  the  waveguide  voltage. 
Therefore,  power  distribution  along  the  cavity  chain  is 
proportional  to  the  distribution  of  real  parts  of  cavity 
impedances,  /?£>  =  5l{Zc }.  If  the  shunt  impedances  and  tunes 
of  the  cavities  are  equal,  the  driving  powers  are  also  equal. 
Emergency  overload  of  a  cavity  main  coupler  is  excluded  in 
this  scheme  if  the  waveguide  voltage  does  not  go  over  the 
value  set  at  the  transmission  of  the  maximal  RF  power.  To 
this  end  the  equivalent  length  of  the  transmission  line 
between  the  anode  of  the  tetrode  amplifier  and  the  reference 
plane  of  the  cavities  is  adjusted  to  (2n+l)X/4  with  a  three-post 
tuner.  In  this  case  the  driving  current  4  is  limited  by  the 
maximum  voltage  in  the  anode  resonator  of  the  tetrode 
amplifier  which  is,  in  its  turn,  limited  by  the  d.c.  anode 
voltage. 

Regular  waveguide  has  cross-section  of  115  x  37  cm^. 
Matching  of  the  dividing  waveguide  is  performed  with  two 
stubs.  One  of  them  is  a  capacitive  stub  (a  plunger),  the  other 
is  an  inductive  stub  (a  rod). 

RF  POWER  AMPLIFIER 

The  RF  power  amplifier  is  built  from  universal 
multipurpose  units.  Figure  4  presents  a  schematic  view  of  a 
4-tube  output  stage.  It  is  similar  to  a  2-tube  module  described 
in  [2].  GU-IOIA  CW  tetrodes  [3]  are  used  in  the  amplifier. 
Parameters  of  the  tube  are  listed  in  Table  3,  parameters  of  the 
4-tube  power  stage  -  in  Table  4. 

Table  3:  Limiting  values  of  the  GU'IOIA  RF  power  tetrode: 


D.C.  anode  voltage  - 

14  kV 

Screen  grid  d.c.  voltage  ” 

1.2  kV 

Filament  voltage  - 

15  V 

Filament  current  - 

730  A 

Anode  dissipation  ~ 

250  kW 

Screen  grid  dissipation  - 

3  kW 

Frequency  (max.) 

200  MHz 

Maximum  envelope  temperature  ■” 

200  °C 

Diameter  (max.)  - 

295  mm 

Height  (max.)  - 

600  mm 

Weight  (max.)  “ 

50  kg 

Table  4:  Operating  conditions  for  a  4-tube  RF  power  stage 
(grounded-grid  circuit): 


Frequency  “ 

181  MHz 

Output  RF  power  - 

600  kW 

Input  RF  power  “ 

<100  kW 

D.C.  anode  voltage "" 

8kV 

Screen  grid  d.c.  voltage  - 

1  kV 

Filament  voltage  “ 

12.6  V 

Filament  current  “ 

730  A 

Anode  dissipation  of  one  tube  - 
Screen  grid  dissipation  of  one  tube 

100  kW 

from  electron  current  - 

1  kW 

Cooling  water  flow  ” 

300  1/min 

Forced  air  flow  “ 

20  mVmin 

Efficiency  “ 

56  % 

The  power  amplifier  has  a  coaxial  output.  The  extension 
of  the  central  conductor  of  the  coaxial  line  stands  duty  of  the 
antenna  of  the  coax-to-waveguide  transition. 

Full  RF  power  is  obtained  by  power  combining  of  two 
4-tube  amplifiers  in  a  waveguide  combiner. 

CONCLUSION 

Presently  the  RF  system  of  VEPP"4M  collider  operates  at 
the  power  level  of  300  kW  using  a  2-tube  power  amplifier.  It 
affords  operation  of  VEPP"4M  up  to  5  GeV.  Two  4-tube 
amplifiers  have  been  built  and  are  being  adjusted.  Tests  and 
commissioning  of  the  full  scale  RF  system  will  be  done  this 
year. 
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Abstract 

Coaxial,  mode  selective  higher-order  mode  (HOM)  damp¬ 
ers  for  the  Advanced  Photon  Source  (APS)  storage  ring  cavi¬ 
ties  have  been  fabricated  and  tested.  Two  types  of  dampers  will 
be  employed.  Electric  field  probe  dampers  are  positioned  in  the 
equatorial  plane  of  the  cavity  so  as  to  not  couple  to  the  fundamen¬ 
tal  TMoi  accelerating  mode.  Additionally,  two  magnetic  field 
probe  dampers  with  quarter-wavelength  stub  rejection  filters  are 
positioned  in  the  cavity  equatorial  plane  90  degrees  apart  to  fa¬ 
cilitate  dipole  mode  damping.  Both  damper  types  use  a  vacuum 
compatible,  aluminum  nitride  (AIN)  ceramic  rf  absorber  as  the 
matched  load.  Measurements  were  made  to  optimize  the  fre¬ 
quency  response  of  the  tapered  absorber.  The  design  eliminates 
the  need  for  a  ceramic  vacuum  window. 

1.  INTRODUCTION 

Higher-order  mode  (HOM)  dampers  are  routinely  used  in 
particle  accelerators  to  maintain  beam  stability  at  high  currents. 
The  two  most  important  features  of  any  HOM  damping  approach 
are  the  ability  to  damp  higher-order  modes  over  a  broad  fre¬ 
quency  range  and  the  suppression  of  coupling  to  the  fundamental 
accelerating  mode.  Typically,  either  coaxial  electric  and  mag¬ 
netic  field  probe  dampers  [1],  [2],  [3],  [4]  or  aperture-coupled, 
hollow  waveguide  dampers  [5],  [6]  are  used. 

Both  approaches  involve  trade-offs  in  performance.  Coaxial 
probe  dampers  are  broadband  in  nature  which  can  make  fun¬ 
damental  mode  rejection  difficult.  Usually  the  probe  position 
and  orientation  is  used  to  minimize  fundamental  mode  coupling. 
Aperture-coupled,  hollow  wave-guide  dampers  are  also  inher¬ 
ently  broadband.  Rejection  of  the  fundamental  mode  is  achieved 
by  using  the  cutoff  frequency  of  the  waveguide.  This  can  be  ef¬ 
fective  but  typically  involves  a  degradation  of  the  Q-factor  at  the 
fundamental  frequency,  /q. 

Coaxial  HOM  dampers  have  been  extensively  investigated  for 
use  on  the  storage  ring  cavities  of  the  Advanced  Photon  Source 
(APS)  [7],  [8].  Tlie  coaxial  probe  type  dampers  were  chosen  in 
order  to  make  the  dampers  compact,  lightweight,  and  inexpen¬ 
sive.  Also,  A  coaxial  design  allows  for  convenient  cooling  and 
does  not  disturb  the  cavity  heat  distribution.  Additionally,  fun¬ 
damental  mode  power  loss  may  be  minimized  through  the  use  of 
a  proper  rejection  scheme.  The  APS  storage  ring  cavity  funda¬ 
mental  frequency  is  351.93  MHz.  The  storage  ring  parameters 
are  listed  in  Table  I.  The  instability  growth  rates  and  the  Q  re¬ 
quirements  for  the  higher-order  modes  are  given  in  [9]. 

*Work  supported  by  U.S.  Department  of  Enei^y,  Office  of  Basic  Energy  Sci¬ 
ences  under  Contract  No.  W-31-109-ENG-38. 


Table  I 

APS  Storage  ring  parameters. 


Beam  energy 

7GeV 

Beam  current 

300  mA 

Number  of  bunches 

54 

Current  per  bunch 

5.6  mA 

Revolution  frequency 

271.55  kHz 

Synchrotron  frequency 

1.5  kHz 

Number  of  cavities 

16 

Two  types  of  dampers  will  be  employed.  Two  electric  field 
probe  dampers  will  be  positioned  in  the  equatorial  plane.  Since 
the  radial  component  of  the  electric  field  of  the  fundamental 
TMoi  mode  is  zero  in  the  midplane,  the  electric  field  probes 
may  be  used  without  coupling  to  the  fundamental  mode.  In  the 
APS  storage  ring  cavities,  the  TMoi  mode  cutoff  frequency  for 
the  5.5-inch  beam  pipe  is  approximately  1.6  GHz.  The  dampers 
have  been  designed  to  damp  the  higher-order  modes  below  cut¬ 
off.  Additionally,  to  facilitate  higher-order  TM  mode  damping, 
two  magnetic  field  probe  dampers  are  situated  90  degrees  apart 
in  the  equatorial  plane  with  the  loop  planes  perpendicular  to  the 
magnetic  fields  of  the  TMoi  mode.  In  order  to  reject  the  fun¬ 
damental  frequency,  the  dampers  were  designed  with  quarter- 
wavelength  stub  rejection  filters  in  series.  Both  damper  types 
will  use  a  tapered,  vacuum  compatible,  AIN  ceramic  rf  absorber 
as  the  matched  load.  The  dampers  were  designed  with  this  ab¬ 
sorber  in  such  a  way  as  to  allow  water  cooling  of  the  center  con¬ 
ductor  and  to  eliminate  the  need  for  a  ceramic  vacuum  window. 

IL  Absorber  Design  and  Measurements 

For  efficient  HOM  damping,  a  broadband  matched  load  ter¬ 
mination  must  be  designed.  The  load  must  have  good  thermal 
properties  to  dissipate  the  power  in  the  damped  modes  and  must 
also  possess  good  vacuum  properties  to  avoid  the  use  of  a  ce¬ 
ramic  vacuum  window.  The  first  two  designs  tried  used  an  AIN 
ceramic  with  7%  glassy  carbon  content  as  the  absorber.  It  was 
decided  later  to  use  an  AIN  ceramic  with  a  40%  SiC  content  due 
to  its  superior  properties.  The  properties  of  both  absorbers  are 
shown  in  Table  II. 

Investigations  on  the  absorber  shape  were  carried  out  to  opti¬ 
mize  the  broadband  matching  properties  of  the  taper.  Numerical 
simulations  of  the  reflection  coefficient  can  be  used  for  this  pur¬ 
pose  but  were  unavailable  at  the  time  of  this  study.  In  lieu  of  this 
approach,  a  rough  taper  was  designed  by  making  the  length  of  the 
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Table  II 

Ceramic  properties. 


AIN  (7%  C) 

AIN  (40%  SiC) 

Density  (g/cm^) 

2.95 

3.19 

Thermal  exp.  (1/^C) 

4.7 

5.1  XlO-*^ 

Thermal  cond.  (W/cm-K) 

0.55 

0.43 

Vacuum  levels  (torr) 

<  10-10 

<  10-10 

eH@  500MHz 

29-j4 

47-j4 

eji  @  1  GHz 

23-j5 

44-j6 

tji  @  2  GHz 

22-j5 

40-j9 

taper  equal  to  approximately  one-quarter  of  the  effective  wave¬ 
length  of  the  fundamental  mode  in  the  ceramic  (AIN  with  7%  C). 
This  gives  a  taper  length  of  1 .5  inches.  The  coaxial  structure  was 
designed  to  present  a  50-^1  characteristic  impedance  to  the  cav¬ 
ity  with  a  0.5-inch  inner  conductor  diameter.  The  total  absorber 
length  was  4.5  inches. 

The  design  was  tested  by  measuring  the  reflection  coefficient 
on  a  network  analyzer.  Time  domain  gating  techniques  were 
used  to  eliminate  unwanted  reflections  due  to  the  connecting 
hardware.  These  measurements  showed  that  this  first  design  was 
not  very  desirable  below  frequencies  of  about  1.1  GHz.  Increas¬ 
ing  the  overall  absorber  length  did  not  significantly  improve  the 
performance. 

Analysis  of  the  network  analyzer  data  showed  that  the  reflec¬ 
tion  coefficient  was  high  due  to  the  rather  abrupt  taper.  The  taper 
was  then  lengthened  to  3.143  inches,  keeping  an  overall  length 
of  4.5  inches.  This  design  exhibited  acceptable  behavior  above 
800  MHz.  By  increasing  the  total  length  to  9  inches,  the  absorber 
showed  well-matched  performance  over  all  frequencies  of  inter¬ 
est  (above  500  MHz).  A  typical  measurement  with  this  design  is 
shown  in  Figure  1.  The  associated  time  domain  measurements 
showed  that  the  dips  in  5ii(a;)  were  due  to  resonances  within 
the  ceramic  test  structure  resulting  from  a  two-piece  ceramic  ab¬ 
sorber.  These  resonances  are  not  expected  to  be  present  in  the 
final  one-piece  damper  structure. 

A  final  design  was  tried  using  the  AIN  with  40%  SiC.  The  ta¬ 
per  was  5.5  inches  long  with  an  overall  length  of  7  inches.  Ad- 
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Figure.  1.  Absorber  (AIN  with  7%  C)  reflection  with  a  3.143” 
taper  and  a  9”  overall  length. 
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Figure.  2.  The  final  absorber  design. 

ditionally,  the  outer  radius  of  the  coaxial  line  was  slightly  in¬ 
creased  to  give  a  55-Q  characteristic  impedance.  Although  the 
taper  is  much  more  gradual,  performance  was  only  slightly  better 
than  the  previous  design.  Performance  was  improved  by  increas¬ 
ing  the  overall  length  to  11  inches  which  results  in  a  rather  long 
structure.  However,  financial  as  well  as  spatial  constraints  led 
us  to  decide  on  the  absorber  shape  shown  in  Figure  2  using  AIN 
with  40%  SiC.  This  design  is  similar  to  the  second  design  de¬ 
scribed  above.  This  absorber  design  will  be  used  in  both  the  elec¬ 
tric  field  probes  and  the  magnetic  field  probes  with  the  quarter- 
wavelength  rejection  stub. 

III.  Quarter- Wavelength  Stub  Design 

The  design  of  the  quarter-wavelength  stub  magnetic  field 
damper  has  been  previously  described  [8] .  The  length  of  the  stub 
was  calculated  from  the  free  space  wavelength  of  the  fundamen¬ 
tal  mode,  giving  a  value  of  21.31  cm.  Measurements  showed 
that  the  damper  still  coupled  to  the  fundamental  mode  and  sig¬ 
nificantly  decreased  the  Q.  This  was  attributed  to  an  effective  in¬ 
crease  of  the  stub  length  from  the  presence  of  the  loop  which  acts 
as  a  parallel  wire  waveguide.  In  order  to  find  the  proper  length 
for  the  stub,  the  ratio  of  Ql/Qo  was  plotted  as  a  function  of  fre¬ 
quency.  A  plunger  tuner  was  used  to  change  the  cavity  funda¬ 
mental  frequency.  Results  are  shown  in  Figure  3  for  a  1-inch 
coupling  loop.  An  extrapolation  from  a  linear  least-squares  fit 
to  the  data  showed  that  the  stub  length  was  optimized  for  a  fre¬ 
quency  of  336  MHz.  Taking  the  ratio  of  the  fundamental  fre¬ 
quency  to  this  frequency  gives  the  adjustment  factor  for  the  stub 
length.  The  stub  was  shortened  to  20.96  cm  and  re-measured. 
Again  the  results  are  shown  in  Figure  3.  Coupling  to  the  funda¬ 
mental  mode  was  significantly  reduced  and  the  damper-loaded 
Q  was  approximately  85%  of  the  unloaded  Q. 

The  loop  size  was  then  increased  to  2”  to  try  to  more  effec¬ 
tively  damp  the  higher-order  modes.  Since  this  changes  the  ge¬ 
ometry  of  the  loop,  the  effective  length  of  the  stub  filter  will  also 
change.  Because  of  this  effect,  the  design  length  for  any  given 
loop  size  or  geometry  should  be  experimentally  determined  be¬ 
fore  manufacturing.  Using  the  modified  stub  length  of  20.96  cm 
with  the  2”  loop,  the  fundamental  mode  Q  factor  was  decreased 
to  approximately  45%  of  the  unloaded  Q  factor.  By  again  de¬ 
creasing  the  stub  length  to  20.65  cm,  the  Q  factor  could  be  in¬ 
creased  to  approximately  73%  of  the  unloaded  Q  factor.  This  can 
be  further  improved  by  slightly  decreasing  the  stub  length. 

IV.  Discussion 

Measurements  have  been  made  on  the  HOM  damping  with 
the  prototype  dampers  in  a  storage  ring  cavity.  Using  the  two 
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Figure.  3.  QlIQo  as  a  function  of  frequency  for  the  magnetic 
field  damper. 

types  of  dampers,  two  of  each  design,  most  higher-order  modes 
were  sufficiently  damped  according  to  the  requirements  in  [9]. 
The  monopole  mode  at  536  MHz  and  the  dipole  mode  at  588 
MHz  were  both  damped  by  a  factor  of  approximately  10  [8].  In 
order  to  reduce  the  required  damping  factor,  the  storage  ring  cav¬ 
ity  HOM  frequencies  were  staggered  by  increasing  the  cavity 
lengths  by  0.3  mm.  Assuming  that  the  frequency  staggering  is 
not  effective  for  the  lowest  frequency  higher-order  modes,  the 
level  of  damping  for  the  above  two  modes  may  not  be  sufficient 

[9]. 

Simulations  indicate  that  the  APS  multi-bunch  beam  can  be 
stable  for  beam  currents  up  to  approximately  100  mA  without 
dampers  [10].  Further  studies  of  the  physics  of  the  machine  are 
needed  to  determine  whether  the  present  level  of  damping  is  ad¬ 
equate  for  a  300  mA  beam  with  cavity  frequency  staggering. 

V.  Conclusions 

The  use  of  coaxial  HOM  dampers  for  the  APS  storage  ring 
cavities  was  discussed.  Two  damper  types  have  been  proposed 
and  studied.  The  coaxial  designs  for  these  dampers  result  in  a 
compact,  simple,  inexpensive,  and  effective  damping  scheme. 

The  tapered  absorber  reflection  characteristics  were  measured 
to  ascertain  the  broadband  matching  characteristics.  Time  do¬ 
main  gating  techniques  on  a  vector  network  analyzer  were  used 
for  these  measurements.  The  results  were  used  to  arrive  at  an 
optimized  absorber  design. 

The  effect  of  the  magnetic  field  dampers  with  the  quarter- 
wavelength  stub  rejection  filter  on  the  fundamental  accelerat¬ 
ing  mode  was  investigated.  Measurements  showed  a  significant 
lowering  of  the  Q  factor.  Changing  the  stub  length  to  tune  the  re¬ 
jection  filter  to  the  proper  frequency  resulted  in  improved  perfor¬ 
mance.  The  length  must  be  experimentally  determined  for  each 
given  loop  geometry. 
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Abstract  • 

A  brief  description  of  multipactor  is  followed  by  a 
discussion  of  design  parameters  for  a  titanium  sublimation 
system.  Efforts  to  correlate  operating  parameters  (time, 
temperature,  etc.)  with  thickness  of  coated  titanium  are 
reported.  Rutherford  backscattering  thickness  measurements 
are  described  and  reported. 

1.  INTRODUCTION 

The  term  “multipactor”  is  commonly  used  to  describe  a 
phenomena  which  occurs  in  vacuum,  with  a  radio  frequency 
field  and  suitable  configurations  and  types  of  surfaces.  If  the 
surfaces  have  high  secondary  emission  coefficient  (especially 
if  >  1),  secondary  electrons  can  move  synchronously  with  the 
rf,  typically  arriving  at  a  surface  one-half  a  period  after 
leaving  a  surface,  releasing  increasing  numbers  of 
secondaries  which  repeat  the  process.  The  secondary  electron 
yield  is  a  function  of  the  primary  electron  energy  and 
incidence  angle  and  varies  with  the  surface  material; 
moreover,  is  sensitive  to  temperature  and  surface 
contamination  [1].  The  CRC  Press  publishes  secondary 
electron  emission  properties  for  many  elements  and 
compounds,  including  “crossover”  points.  At  extremely  low 
or  extremely  high  energies,  secondary  emission  coefficients 
fall  below  unity;  hence,  crossover  points  exist  where  the 
secondary  emission  function  (a)  crosses  unity.  Of  particular 
interest  to  coupler  windows  for  the  Advanced  Photon  Source 
(APS)  are  secondary  emission  coefficients  of  alumina  and 
copper,  which  are  listed  at  Gmax  =  2  to  9  and  1.3,  respectively 
[2]. 

Since  it  is  possible  to  dissipate  large  amounts  of  power  at 
microwave  frequencies  and  thereby  generate  destructive 
thermal-stress  gradients,  multipactor  is  clearly  undesirable. 
Furthermore,  this  power  may  be  deposited  in  localized 
regions,  leading  to  increased  outgassing  or  evaporation  (and 
subsequent  sputter  deposition)  of  the  material.  Ultimately, 
the  multipactor  loading  may  become  so  great  that  the  desired 
rf  voltage  cannot  be  reached  or  may  cause  significant 
reflection.  Unfortunately,  few  elements  have  low  secondary 
emission  characteristics;  moreover,  many  of  these  are 
unsuitable  for  vacuum  and/or  rf  applications.  Titanium,  with 
c^max  =  0.9,  and  familiarity  from  its  use  in  sublimation  pumps, 
has  become  the  multipactor-reduction  material  of  choice. 

IL  SYSTEM  DESIGN 

Generally,  vacuum  evaporation  is  accomplished  by 
heating  a  small  amount  of  material  under  vacuum.  With 
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sufficient  heating  (e.g.,  using  an  electron  beam),  source 
material  will  melt,  evaporate,  then  immediately  condense  on 
any  cool  (i.e.,  room  temperature)  surface.  Elements,  such  as 
titanium,  that  sublime  constitute  a  special  case  of  vacuum 
evaporation  for  thin-film  production.  Materials  that 
sublimate  have  a  vapor  pressure  sufficiently  high  that 
deposition  can  be  achieved  without  melting.  Titanium 
sublimation  lends  itself  to  the  simple  approach  of  resistance 
heating  a  wire  centered  in,  and  coaxial  with,  our  cylindrical 
alumina  window.  Accordingly,  we  chose  sublimation  over 
(potentially  more  complex)  sputtering  system  designs. 

Early  difficulties  with  borrowed  filaments,  reported  to  be 
pure  titanium,  lead  us  to  conclude  that  a  small  amount  of 
molybdenum  (<  1%)  alloyed  with  titanium  would  allow  the 
filament  to  support  its  own  weight  while  in  the  sublimation- 
temperature  range.  Molybdenum’s  vapor  pressure  is 
sufficiently  low  that  only  titanium  will  evaporate  in  our 
system.  Interestingly,  lowering  the  pressure  decreases  the 
spread  between  the  titanium  and  molybdenum  sublimation 
temperatures.  Increasing  the  pressure  increases  the  spread, 
but  at  the  expense  of  approaching  the  melting  point  for 
titanium.  We  targeted  our  operating  pressure  at  1  x  lO'^Torr, 
meant  to  be  an  optimum  in  the  sense  that  the  sublimation 
temperature  of  molybdenum  is  approximately  equal  to  the 
melting  point  of  titanium.  Hence,  our  sublimation 
temperature  spread  is  as  large  as  possible  while  we  are 
assured  that  titanium  will  melt  before  molybdenum 
sublimates  [3]. 

Titanium’s  melting  point  is  1941  K.  At  10'^  Torr,  its 
sublimation  temperature  is  approximately  1400  K.  Hence,  by 
passing  a  current  through  the  titanium-molybdenum  alloy 
filament  itself,  we  must  heat  to  at  least  1400  K,  but  no  more 
than  1941  K.  The  sublimation  rate  is  strongly  affected  by  the 
operating  temperature  of  the  filament.  For  the  purposes  of 
system  design,  we  based  subsequent  calculations  on  a 
filament  temperature  of  1700  K. 

In  order  to  estimate  the  power  supply  requirements,  an 
energy  balance  was  performed.  Combining  equations  for 
resistance  as  a  function  of  temperature  and  radiative  heat 
transfer,  while  ignoring  end  effects  (esp.  conduction  to 
filament  holders — which  will  lead  to  a  slightly  parabolic 
temperature  profile  over  the  length  of  the  filament)  and  latent 
heat  of  sublimation,  the  required  current  is  given  by: 


1  = 


7rrLea(T2^  -t/) 
Rxj{l+a(T2-Ti)  } 


11/2 


I  =  Required  filament  current 
r  =  Filament  radius 
L  =  Filament  length 
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a  =  Temperature  coefficient  of  electrical  resistance 
£  =  Emissivity 

a  =  Stefan-Boltzmann  constant 
Ti  =  Temperature  of  surroundings 
T2  =  Filament  temperature 
Rti  =  Resistance  temperature  of  surroundings 
For  a  2L6-cmdong  x  0.193~cm-diameter  titanium- wire 
filament  at  a  uniform  temperature  of  1700  K,  the  required 
current  is  calculated  to  be  34.6  amps.  Of  course,  this  is  a 
lower  bound;  nevertheless,  is  useful  in  selection  of  a  constant- 
current  power  supply. 

Determining  the  desired  titanium  thickness  involves  a 
trade-off:  more  titanium  is  better  to  suppress  multipactor, 
while  too  much  titanium  will  result  in  excessive  resistance 
heating.  Saito  reports  that  the  effective  loss  tangent  (serving 
as  a  metric  for  excessive  heating)  of  the  coating  increases 
“almost  exponentially”  with  the  coating  thickness  [4].  Preist 
looked  at  the  penetration  depth  of  electrons  in  the  multipactor 
discharge  and  found  the  depth  (with  electron  energy  in  the 
range  required  for  a  >  1)  is  “of  the  order  of  100  A”  [1]. 
Elsewhere,  the  literature  reports  desired  thickness  in  the 
range  of  15  to  150  A  [4, 5, 6, 7].  We  targeted  a  thickness  of  30 

A. 

Combining  the  Langmuir  equation  for  the  rate  of 
evaporation  [8]  with  the  authors*  derivation  of  required 
deposition  mass,  leads  to  an  estimate  of  coating  time  as  a 
function  of  filament  temperature: 

tTtPcM 


d^f  f  N 
^  ^Nest^Stack^^A 


G* 

7.2, (M)“ 

cm'^*sec»tonr 

1 

T  =  Time  required  for  coating 

m  =  Mass  required  per  unit  length 

G*  =  Evaporation  rate  per  unit  length 

t  =  Coating  thickness 

M  =  Molecular  weight  of  filament  material 

Dc  =  Diameter  of  surface  to  be  coated  (I.D.  of  window) 

d  =  Covalent  diameter  of  titanium  atom 

fwest  =  Nesting  factor  for  rows  of  spheres 

fstacking  =  Stacking  factor  for  layers  of  spheres 

Na  =Avogadro’s  constant 

T  =  Filament  temperature 

P  =  Vapor  pressure  (at  filament  temperature) 

Y  =  Sticking  coefficient  (=1  for  most  metals) 

For  a  30- A  titanium  coating  on  a  10.16-cm  diameter 
surface  with  the  filament  at  a  uniform  1700  K,  coating  time  is 
estimated  to  be  99  seconds  (neglecting  warm-up  and  cool¬ 
down  of  filament).  We  considered  this  to  be  in  an  ideal 
range;  that  is,  is  slow  enough  for  control  of  thickness  by 
adjusting  the  coating  time  (without  an  investment  in  a 
sophisticated  control  system),  yet  fast  enough  that 
contamination  will  be  insignificant.  The  result  is  a  function 
of  filament  temperature  not  only  by  way  of  the  temperature 
term  itself,  but  also  due  to  the  associated  vapor  pressure  term. 
Relatively  small  changes  in  temperature  of  the  titanium- 
molybdenum  filament  lead  to  orders  of  magnitude  changes  in 


the  associated  vapor  pressure.  Increasing  the  filament 
temperature  has  an  extraordinary  impact  on  coating  time;  for 
example,  filament  temperatures  of  1400  or  1800  K  lead  to 
calculated  coating  times  of  25  hours  or  17  seconds, 
respectively. 

Finally,  we  planned  a  bakeable,  all-metal  system  where 
we  could  pumpdown  to  well  below  10'^  Ton,  then  bleed  in 
pure  nitrogen  purge  gas.  Following  a  pumpdown  to  the  KT^- 
Ton  range,  the  purge  gas  at  10'^  Ton  overwhelms  any  other 
remaining  vapors;  hence,  we  coat  in  a  nearly  pure  nitrogen 
environment.  Initially,  we  believed  it  was  important  to 
produce  a  nearly  pure  TiN  coating.  However,  the  literature 
indicates  that  oxygen  may  be  not  only  unavoidable,  but 
desirable  as  well.  Isagawa  reports  that  such  coatings  are 
more  precisely  described  as  TiNxOy;  furthermore,  TiNxOy  is  a 
“best  possible”  coating  material.  Very  high  resistivity  is 
ensured  by  the  oxygen-rich  grain  boundary  layers  of  TiNxOy 
[5],  Discussion  with  colleagues  confirms  that  resistivity 
increases  upon  removal  of  a  coated  component  from  its 
coating  system;  presumably  as  atmospheric  oxygen  combines 
with  the  TiN,  Nyaiesh  describes  how,  upon  exposure  to  air, 
the  TiN  oxidizes  2  to  3  to  monolayers  of  Ti02.  This  Ti02 
layer  is  subject  to  decomposition  on  heating  and,  since  the 
secondary  electron  emission  coefficient  is  very  different  than 
for  TiN,  results  in  a  widely  varying  a  during  klystron 
processing  [6]. 

Our  system,  shown  in  Figure  1,  was  assembled  from 
(primarily)  on-hand  equipment:  knife-edge-flanged  vacuum 
fittings,  flange-mounted  electrical  feed-through,  quartz 
viewport,  variable  leak  valve,  magnetic-bearing  turbo 
(without  isolation  valve),  an  oil-free  roughing  system,  and 
borrowed  power  supply. 


Figure  1:  Titanium  Sublimation  Coating  System 

IIL  THICKNESS  MEASUREMENT 

During  early  use  of  the  system,  a  1-cm-square  sample 
accompanied  each  window  to  be  coated.  These  samples  were 
then  subjected  to  a  Rutherford  backscattering  (RBS)  analysis 
for  determination  of  titanium  thickness.  Using  results  from 
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the  RBS,  current  and  time  were  adjusted  in  a  trial  and  error 
process. 

RBS  involves  bombarding  a  sample  with  high-energy 
particles  (typically  "^He)  and  measuring  the  energy  of  the 
resulting  backscattered  particles.  Only  a  small  fraction  of  the 
incident  particles  actually  have  a  “collision”  with  nuclei  of 
the  sample;  the  remainder  end  up  “implanted”  in  the 
sample’s  space  between  nuclei.  The  energy  of  a  backscattered 
particle,  at  a  given  angle,  depends  on  both  the  loss  of  energy 
due  to  transfer  of  momentum  to  the  target  atom,  and  losses 
during  transmission  through  the  material  before  and  after 
“collision.”  Because  there  is  a  greater  change  in  energy  when 
transferring  momentum  to  a  lighter  particle,  RBS  offers 
greater  resolution  (spread  between  energies)  for  light 
elements,  but  gives  a  stronger  signal  (higher  energy)  for 
heavy  elements  [9]. 


1.5  MeV  He(lum-4  RBS 

Specimens  Normal  To  Beam  -  Detector  At  45  Deg 


Figure  2:  Rutherford  Backscattering  Plot  with  Simulation 
Fit  for  20-A-thick  Titanium  on  Alumina.  Vertical  axis  is 
number  of  detected,  backscattered  particles;  hence,  is 
proportional  to  each  elements’  concentration. 

For  our  situation,  where  a  heavier  element  (Ti)  is  coated 
over  a  lighter  one  (Al),  an  RBS  plot  can  be  “read”  from  right 
to  left  with  a  correspondence  to  the  sample  surface  (however, 
this  is  not  always  the  case  with  RBS).  In  Figure  2,  the  peak 
near  750  keV  corresponds  to  titanium  at  the  surface,  while  its 
width  corresponds  to  20  A  (this  is  said  to  be  accurate  within  ± 
5  A  and  is  determined  from  simulation  and/or  experience  of 
the  RBS  scientist).  The  larger  rise,  centered  about  500  keV, 
corresponds  to  the  aluminum  in  the  ceramic,  with  a  larger 
energy  spread  due  to  varying  losses  of  energy  during 
transmission  to/from  random  depths. 

Additionally,  we  monitored  resistance  during  coating, 
with  the  idea  that  it  might  be  possible  to  use  a  determined 
value  of  resistance  as  the  cut-off  point  where  a  desired 
thickness  had  been  reached.  Whereas  starting  resistance  was 
a  constant  3  x  10^"^  Q,  measured  resistance  after  coating,  but 
still  under  vacuum  with  nitrogen  purge,  varied  from  1.5  x 
10^^  to  2  X  10^^  Q.  Accordingly,  we  concluded  that  feedback 
from  the  RBS  measurements,  though  requiring  a  longer  loop 
time,  was  more  meaningful. 


IV.  RESULTS 

For  coating  our  coupler  windows,  we  are  using  a  21.6- 
cm-long  X  0.193-cm-diameter  titanium-molybdenum  wire 
with  44.5  amps  for  65  seconds.  Voltage  is  nearly  constant 
(despite  consuming  a  small  amount  of  the  filament)  at  5.1 
volts.  Measured  thickness  varies  form  20  to  28  A.  To  date, 
we  have  coated  34  coupler  windows.  Seventeen  couplers 
have  been  conditioned  up  to  100  kW;  twelve  of  those  have 
been  subjected  to  rf  power  with  beamloading;  all  without 
difficulty.  Each  pumpdown  requires  approximately  20  hours; 
hence,  the  system  can  be  operated  on  a  daily  cycle — sufficient 
for  our  demand.  We  bake  the  system  only  occasionally; 
specifically,  when  the  ultimate  pumpdown  pressure  begins  to 
degrade.. 

The  system  has  been  in  operation  for  sixteen  months, 
coating  (along  with  coupler  windows)  rf  cavity  ceramics  for 
the  APS  positron  accumulator  ring,  rf  field  probe  cups,  beam 
current  monitors,  and  [chromox  ceramic]  fluorescent  screens 
with  thickness  requirements  over  the  range  of  10  to  300  A. 
In  many  cases,  coating  has  been  requested  for  prevention  of 
static  charge  build-up  (and  possible  arcing);  rather  than 
protection  against  multipactor. 
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Abstract  • 

Heat  transfer  studies,  including  finite-element  analysis  and 
test  results,  of  the  Advanced  Photon  Source  (APS)  storage  ring 
352-MHz  radio-frequency  (rf)  accelerating  cavities  are 
described.  Stress  and  fatigue  life  of  the  copper  are  discussed. 
Configuration  of  water  cooling  is  presented. 

I.  BACKGROUND 

The  7-GeV  Advanced  Photon  Source  positron  storage  ring 
requires  sixteen  separate  352-MHz  rf  accelerating  cavities. 
Cavities  are  installed  as  groups  of  four,  in  straight  sections  used 
elsewhere  for  insertion  devices.  They  occupy  the  first  such 
straight  section  after  injection,  along  with  the  last  three  just 
before  injection.  Cooling  is  provided  by  a  subsystem  of  the  site¬ 
wide  deionized  water  system.  Pumping  equipment  is  located  in 
a  building  directly  adjacent  to  the  accelerator  enclosure. 

A  prototype  cavity  was  fabricated  and  tested  where  cooling 
was  via  twelve  19-mm-diameter  [3/4  in]  brazed-on  tubes  in  a 
series-parallel  flow  configuration.  Unfortunately,  the  thermal 
contact  to  some  tubes  was  poor  due  to  inadequate  braze  filler. 

IL  INTRODUCTION 

Concerns  include  thermal  gradient/stress/distortion  within 
the  copper,  thermal  stresses  (a  function  of  thermal  gradients),  hot 
spots,  elastic/plastic  deformation,  cyclical  deformation  of  cop¬ 
per,  and  pressure  drop  of  water  flow  through  the  cavity.  Distor¬ 
tion  of  the  cavity  due  to  thermal  stresses  affects  the  resonant  fre¬ 
quency,  a  characteristic  which  may  be  used  to  tune  the  cavity, 
provided  copper  fatigue  does  not  become  critical.  Keeping  all 
the  above  in  mind,  the  engineer  must  arrange  for  suitable  values 
of  the  following  variable  parameters  while  incorporating  the 
fixed  parameters  into  the  analysis  and  design. 

Fixed  parameters: 

•  Heat  load  per  cavity: 

7.0-GeV  beam,  with  16  cavities  on-line  35  kW 

7.5- GeV  beam,  with  16  cavities  on-line  50  kW 

7.5- GeV  beam,  with  12  cavities  on-line  67  kW 

During  cavity  conditioning  100  kW 

•  Minimum  supply  water  temperature  of  24°  C. 

Variable  parameters  (not  all  independent): 

•  Temperature  of  cavity  copper. 

•  Temperature  rise  of  the  water  through  the  cavity. 

•  Total  flow  rate  of  water  through  the  cavity. 

•  Header  size,  for  each  section  of  four  cavities;  a  practical 
limit  of  4-inch  IPS,  possibly  6-inch  IPS. 

•  Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 


•  Velocity  of  water  in  copper  tubes.  No  more  than  227  cm/ 
sec  [7.5  ft/sec]  to  avoid  erosion  corrosion. 

•  Size  of  cooling  tubes.  Surface  area  (heat-transfer  area) 
scales  with  diameter,  cross-section  (inverse  water  veloc¬ 
ity)  with  diameter  squared. 

•  Location  of  cooling  tubes. 

•  Number  of  cooling  tubes. 

•  Flow  configuration  (i.e.,  series-parallel  or  all-parallel). 

•  Water  supply  [to  cavity]  temperature.  Condensation  is  to 
be  avoided  while  recirculating  some  return  water  puts  less 
demand  on  site-wide  deionized  system. 

•  Heat  exchanger  area  and  temperature  difference(s). 

HI.  TUBE  SIZE 

Copper  cooling  tubes  are  brazed  into  machined  channels, 
slightly  more  than  half  the  tube  diameter  deep,  on  the  cavity  sur¬ 
face.  Spreadsheet  calculations  determined  the  optimum  tube 
size.  The  first  two  cases  presented  below  assume  effective  tube 
area  (heat  transfer  area)  equal  to  60%  of  the  interior  surface, 
while  the  second  set  of  data  employs  a  sliding  scale  that  favors 
smaller  diameter  tubes  (nesting  the  tube  into  a  milled  channel, 
slightly  deeper  than  half  the  diameter,  with  a  braze  fillet  along 
each  side  serves  to  “enclose”  more  of  a  smaller  tube).  Heat  load 
and  temperature  rise  of  the  water  fix  the  required  volume  flow 
rate  of  water — ^resulting  velocity  varies  with  tube  cross-section. 


Independent  Variables 

Dependent  Variables 

Heat 

Temp 

Optimum 

Water 

Cu- 

Load 

Rise 

Tube  (j) 

Velocity 

Water 

(kW) 

(°C) 

C’) 

(feet/sec) 

AT  (°C) 

75 

2.0 

3/8 

18.3 

11.2 

75 

3.0 

3/8 

12.2 

15.4 

75 

2.0 

5/16 

21.2 

8.6 

75 

3.0 

5/16 

14.2 

11.8 

100 

2.0 

5/16 

21.2 

9.1 

100 

3.0 

5/16 

14.2 

12.4 

Each  case  shows  an  optimum  diameter  at  which  the  copper- 
to-water  temperature  difference  is  a  minimum.  For  larger  diame¬ 
ters,  surface  area  is  not  increasing  fast  enough  to  compensate  for 
the  reduction  in  water  velocity.  For  smaller  diameters,  water 
velocity  is  not  increasing  enough  to  make  up  for  the  reduction  of 
surface  area.  Moreover,  enhanced  heat  transfer  with  increasing 
water  velocity  must  be  checked  against  possible  erosion  corro¬ 
sion;  where  the  protective  layer  of  copper  oxide  on  the  inside 
wall  of  copper  tubes  is  stripped  away,  leaving  the  soft  copper 
subject  to  erosion  by  flowing  water  (especially  at  the  outer  edge 
of  a  formed  elbow,  where  the  wall  has  already  been  thinned  by 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1690 


forming).  Acceptable  maximums  are  quoted,  by  experienced 
engineers,  as  anywhere  from  227  to  364  cm/sec  [7.5  to  12  ft/sec]. 
Our  case  of  all  parallel  flow  is  further  complicated  by  the  fact  that 
actual  water  velocity  varies  among  the  cooling  tubes  (the  spread¬ 
sheet  calculations  assume  uniform  velocity);  that  is,  higher 
velocity  in  the  shorter  tubes. 

Since  the  velocities  associated  with  optimum  tube  sizes 
could  lead  to  erosion  corrosion,  a  “practical  optimum”  of  12.7 
mm  [1/2  in]  diameter  was  selected.  Temperature  rise  of  the  water 
can  be  traded  off  against  water  velocity,  but  both  have  a  wide 
range  of  acceptable  values.  The  copper-to-water  temperature 
difference  required  further  study;  specifically,  to  ensure  it  is 
within  the  bounds  set  by  cavity  operating  temperature  and  cool¬ 
ing  water  supply  temperature. 

IV.  THERMAL  ANALYSIS 

Using  spreadsheet-calculated  convection  coefficients  from 
the  analysis  described  above,  and  varying  the  location  and  num¬ 
ber  of  tubes  on  each  end  section,  several  two-dimensional,  axi- 
symmetric  ANSYS^  models  were  generated  for  comparison.  A 
two-dimensional,  axisymmetric  URMEL^  model  generated  the 
distribution  of  rf  heating  on  the  cavity’s  inside  surface  and  was 
used  as  input  to  the  ANSYS®  thermal/stress  analysis.  Large 
ports  of  the  center  section  are  a  non-axisymmetric  feature;  how¬ 
ever,  including  them  in  an  axisymmetric  model  is  conservative 
since  the  heat  that  would  go  into  solid  copper  if  no  port  were  pres¬ 
ent  concentrates  about  the  inside  perimeter  of  the  port.  Several 
variations  of  the  heat  distribution  about  the  port  were  evaluated; 
the  most  severe  was  subsequently  used  for  the  results  reported 
here.  A  less  severe  heat  redistribution  is  expected  where  a  tuner 
or  coupler,  both  with  integral  cooling,  is  installed. 


Case 

Tube-to- 

WaterAT 

(°C) 

Copper 

(MPa) 

Max 

Stress 

(psi) 

Four  3/4-in  tubes 

17.4 

36.4 

5283 

Four  1/2-in  tubes 

18.1 

33.1 

4802 

Four  1/2-in  tubes, 
shifted  towards 
“hot  spots” 

14.2 

32.4 

4699 

Six  1/2-in  tubes 

10.7 

27.8 

4031 

The  copper-to-water  temperature  difference  is  important  as 
the  sum  of  all  temperature  rises  in  the  water  system  (including 
across  the  heat  exchanger),  added  to  the  water  temperature,  must 
be  lower  than  the  planned  operating  temperature  of  the  cavities. 
Increasing  the  number  of  tubes  increases  the  copper-to-water 
surface  area  and  hence,  decreases  the  copper-to-water  tempera¬ 
ture  difference. 


^  ANSYS  is  a  registered  trademark  of  Swanson  Analysis  Systems, 
Inc.,  Houston,  PA. 

^  URMEL  was  developed  by  U.  Laustroer,  et  al.,  DESY,  Hamburg, 
Germany. 


The  ANSYS®  thermal  analysis  shows  maximum  copper 
temperature  to  be  16.9°  C  above  the  water  temperature.  The 
highest  copper  temperature  was  consistently  at  the  port  radius; 
however,  the  wall  thickness  there  serves  to  keep  stress  low. 
Highest  stress  was  observed  at  the  tip  of  the  nose  cone  cooling 
channel  where  the  temperature  difference  between  the  inner  wall 
and  the  7.8-mm-thick  [0.31  in]  outer  wall  is  approximately  10° 
C.  This  area  could  be  subjected  to  reverse  yielding.  Although 
the  change  in  maximum  stress  is  small  for  each  new  model,  the 
overall  reduction  is  meaningful. 

V.  THERMAL  TESTING 

Measurements  taken  on  the  prototype  cavity  showed  that 
tubes  with  only  half  their  diameter  embedded  in  the  bulk  copper 
are  capable  of  approximately  93%  the  heat  transfer  of  fully 
embedded  tubes  as  predicted  by  Dittus-Boelter  [1].  The  Dittus- 
Boelter  formulation  is  intended  for  internal  flow  in  round  tubes; 
hence,  it  was  adapted  for  use  on  the  nose-cone  cooling  channel’s 
approximately  rectangular  12.7  x  76.2  mm  [0.5  x  3.0  in]  shape. 
The  ANSYS®  heat  transfer  coefficients  differ  from  theoretical 
values  in  order  to  be  conservative  (while  we  awaited  prototype 
test  results). 


Cooling 

Geometry 

Tube 
Diameter 
(cm  [in] ) 

Theory 

(W/cm2) 

Used  for 
ANSYS® 
(W/cm2) 

Prototype 

Tests 

(W/cm2) 

Nose-cone 

0.600 

0.600 

0.837 

End 

1.90  [3/4] 

0.604 

0.511 

0.600 

Center 

1.90  [3/4] 

0.604 

0.511 

0.566 

End 

12.7  [1/2] 

0.915 

0.604 

Center 

12.7  [1/2] 

0.915 

0.604 

The  1.90-cm-diameter  [3/4  in]  tube  results  are  based  on  a 
water  velocity  of  182.9  cm/sec  [6.0  ft/sec],  while  the  12.7-cm-di- 
ameter  [1/2  in]  numbers  are  based  on  a  water  velocity  of 
268.2  cm/sec  [8.8  ft/sec].  The  ratio  of  these  velocities  corre¬ 
sponds  to  the  ratio  of  cross-sectional  areas  of  six  12.7-cm-diame- 
ter  [1/2  in]  tubes  to  four  1,90-cm-diameter  [3/4  in]  tubes;  that  is, 
the  same  total  flow. 

Meanwhile,  the  prototype  cavity  had  unexpectedly  high 
temperatures  around  the  ports,  especially  in  the  stainless  steel 
where  electrical  and  thermal  conductivity  are  lower  than  for  cop¬ 
per. 

VI.  STRESS/STRAIN-LIFE 

Our  ANSYS®  stress  analysis  shows  a  peak  stress  (total 
stress,  reflecting  nonlinear  variation  between  endpoints)  inten¬ 
sity  of  27.8  MPa  [403 1  psi]  with  non-peak  stress  (membrane  plus 
bending,  varying  linearly  between  endpoints)  intensity  up  to 
about  half  that  value,  in  the  same  range  as  is  reported  for  0.2% 
yield  strength  of  fully  annealed  copper  [2] .  With  such  a  low  yield 
strength,  cycling  into  the  plastic  range  seems  unavoidable; 
accordingly,  a  fatigue  analysis  was  performed.  Fatigue  studies 
of  oxygen-free  copper  show  that  the  hysteresis  loop  for  fully 
annealed  copper  increases  in  amplitude  (constant  strain)  as  the 
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number  of  cycles  increases.  Conversely,  the  hysteresis  loop  of 
cold-worked  copper  falls  off  with  increasing  cycles.  Hence,  ful¬ 
ly-annealed  copper  cyclically  hardens,  while  cold-worked  cop¬ 
per  cyclically  softens. 

The  more  traditional  stress-life  fatigue  analysis  method 
does  not  account  for  plastic  strain;  therefore,  it  is  inappropriate. 
However,  the  strain-life  approach,  where  the  allowable  strain 
amplitude  is  calculated  as  an  exponentially-weighted  (exponents 
are  determined  empirically)  sum  of  the  elastic  and  plastic  cyclic 
loading,  is  ideal  for  the  cavity  analysis,  where  knowledge  of 
extreme  temperatures  leads  directly  to  expected  strain  ampli¬ 
tude.  Application  of  the  strain-life  approach  [3]  shows  fully 
annealed  copper  to  be  very  accommodating;  using  conservative 
boundary  conditions,  a  fatigue  life  of  over  10^^  thermal  cycles 
is  estimated. 

VII.  FINAL  DESIGN 

The  complete  cavities  are  fabricated  as  three  subassemblies, 
two  ends  and  a  center,  which  are  joined  by  electron  beam  welds 
about  the  perimeter.  A  nose-cone  cooling  channel  is  milled  into 
each  end  piece  from  the  outside  (sealed  with  a  brazed-on  cover), 
while  twenty  12.7-mm-diameter  [0.5  in]  copper  tubes  are  brazed 
into  milled  channels  (slightly  deeper  than  half  the  tube  diameter) . 
The  final  design  is  optimum  in  that:  (1)  temperature  differences 
are  within  the  range  of  a  conventional  water  cooling  system;  (2) 
water  velocity  can  be  held  to  a  range  where  erosion  corrosion  of 
the  copper  tubes  is  not  a  concern;  (3)  thermal  gradient/distortion 
within  the  copper  is  not  severe;  and  (4)  fabrication/attachment  of 
cooling  tubes  is  straightforward.  Additionally,  we  specified  cop¬ 
per  tube  extruded  with  rifling  on  its  inside  surface  to  increase  tur¬ 
bulence  and  surface  area. 


Figure  1:  ANSYS®  Thermal  Analysis  Results. 

Model  is  axi symmetric  about  the  beamline — a  vertical  line  to 
the  left  of  the  figure. 

(Degrees  Centigrade  above  Water  Temperature) 

In  order  to  minimize  the  flange  heating  found  on  the  proto¬ 
type  cavity,  the  amount  of  stainless  steel  exposed  to  rf  was 
reduced.  The  remaining  stainless  steel,  including  vacuum  sur¬ 
faces  of  blank-off  flanges,  is  copper  plated  (pure  copper).  Addi¬ 
tionally,  we  have  provided  flange  cooling  via  6-mm-diameter 


[0.236  in]  copper  tubes  brazed  into  the  perimeter  of  each  flange. 
Furthermore,  an  additional  tube  was  added  to  each  quadrant  of 
the  center  section,  providing  twice  the  cooling  used  in  the 
ANSYS  analysis  for  that  area.  This  additional  tube  also  provides 
cooling  over  the  entire  port  perimeter  (the  prototype  cavity  had 
only  300°  cooling  tube  coverage  at  each  large  center-section 
port).  Accordingly,  the  ANSYS®  results  most  closely  resem¬ 
bling  the  final  design  are  those  of  the  27.8-MPa  [4031  psi]  case. 
Figure  1  presents  the  temperature  distribution  in  the  cavity  cop¬ 
per,  showing  a  maximum  copper  temperature  16.9°  C  above  the 
water  supply  temperature. 

An  innovative  manifold  arrangement  allows  balancing  of 
the  flows  among  the  two  ends  and  center,  yet  requires  only  two 
supply  and  two  return  manifolds.  Total  flow  of 4736  cm^/sec  [75 
gpm]  is  supplied  in  an  all  parallel  arrangement,  divided  into  three 
groups:  center  section,  end  sections,  and  nose-cones.  Orifice 
plates  balance  flows  among  the  groups  for  uniform  temperature 
rise.  Within  each  group  are  several  parallel  flows  balanced  only 
by  uniform  pressure  drop.  Average  velocity  is  111  cm/sec  [3.7 
ft/sec].  Since  tube  lengths  are  not  identical,  while  pressure  drop 
across  the  cavity  is  essentially  uniform,  actual  velocities  vary. 
Calculations  for  the  six  end-section  tubes  show  that  relative  velo¬ 
cities  are  expected  to  range  up  to  ±  32%  of  average  velocity. 

For  the  case  of  75  kW  and  75  gpm,  a  3.7°  C  water  tempera¬ 
ture  rise  and  a  copper-to-water  temperature  difference  of  9°  C  are 
expected.  A  minimum  copper  temperature  occurs  on  the  back 
side  of  the  nose-cone  cooling  channel  where  the  heat  load  is 
nearly  zero;  hence,  the  copper  temperature  closely  matches  the 
water  temperature.  For  these  conditions,  temperatures  through¬ 
out  the  system  are  expected  to  be: 


Planned  water  supply  temperature  32°  C 

Copper  tube  temperature  41°  C 

Average  copper  temperature  43°  C 

Maximum  copper  temperature  49°  C 

Water  return  temperature  36°  C 


Cavities  were  required  to  meet  resonant  frequency  specifi¬ 
cations  when  tested  at  the  planned  operating  temperature;  actu¬ 
ally,  we  adjusted  for  testing  at  a  lower,  uniform  copper  tempera¬ 
ture.  Final  measurements  show  a  variation  of  -21  kHz  to 
+43  kHz  in  cavity  resonant  frequencies.  Measurements  show  a 
temperature  dependence  of  -3.6  kHz/°  C.  In  light  of  the  fact  that 
piston  tuners  fabricated  for  the  cavities  have  a  tuner  range  of 
approximately  2  MHz,  one  concludes  that  actual  water  supply 
temperature  is  not  critical.  The  thermal  time  constant  for  the  cav¬ 
ity  alone,  with  75  gpm  flow  of  cooling  water,  is  30  seconds. 
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Abstract 

The  cavities  for  the  dual  frequency  system  of  the  APS 
PAR  [1]  are  described.  The  system  uses  two  frequencies:  a 
9.78MHz  fundamental  system  for  the  particle  accumulation 
and  a  117.3MHz  twelfth  harmonic  system  for  the  bunch 
compression.  The  cavities  have  been  built,  installed, 
tested,  and  used  for  storing  the  beam  in  the  PAR  for  about 
a  year.  The  fundamental  cavity  is  a  reentrant  coaxial  type 
with  a  capacitive  loading  plunger  and  has  1.6m  length.  The 
harmonic  cavity  is  a  symmetrical  reentrant  coaxial  type 
and  is  0.8m  long.  Ferrite  tuners  are  used  for  frequency 
tuning.  During  the  accumulation  period,  the  ferrite  tuner  of 
the  harmonic  cavity  works  as  a  damper  to  disable  the 
cavity.  During  an  injection  cycle  the  9.78MHz  system 
accumulates  24  positron  bunches  in  a  bucket  and  the 
117.3MHz  system  compresses  the  bunch  into  a  shorter 
bunch.  Measurements  were  made  on  the  rf  properties  of  the 
cavities. 

L  Introduction 

Previously,  the  two  cavities  in  the  PAR  of  the  APS 
were  designed  by  computer  simulation  using  URMEL  codes 
[2][3].  The  9.78MHz  first  harmonic  cavity  employed  a 
capacitive  loading  plunger  for  compactness  and  the 
117.3MHz  twelfth  harmonic  cavity  employed  a  reentrant 
coaxial  structure.  The  PAR  of  the  APS  has  been 
operational  for  about  a  year  and  the  rf  cavities  performed  as 
expected  to  store  the  beam.  The  accumulation  and 
compression  functions  at  both  frequencies  have  been 
performing  adequately.  Both  the  fundamental  and  the 
harmonic  cavities  use  ferrite  tuners  for  tuning  the  resonance 
frequencies.  The  fundamental  system  operates  in 
continuous  wave  (CW)  mode  with  a  continuously  varying 
tuner  control  current.  The  harmonic  system  operates  with  a 
pulsed  rf  and  tuner  control  current  at  about  20%  duty  cycle. 
For  fast  tuning  while  pulsing  the  harmonic  cavity  tuner,  the 
tuner  coupling  loop  has  bypass  capacitors  in  the  current 
path.  This  prevents  limiting  the  tuner  frequency  response 
and  unnecessary  heating  of  the  tuner  housing. 

Solid-state  MOSFET  rf  amplifiers  have  been  used  to 
power  the  cavities.  In  the  9.78MHz  system,  rf  power  from 
four  IkW  solid  state  amplifiers  is  combined  inside  the 
cavity  with  four  couplers;  each  amplifier  feeds  a  loop 
coupler.  The  couplers  are  mounted  in  the  cavity  outer 
cylinder  and  separated  by  90  degrees  circumferentially.  In 
the  harmonic  system,  the  outputs  of  the  four  500W  solid- 
state  amplifiers  are  combined  through  a  2kW  4- way 
splitter/combiner  to  use  a  single  cavity  input  coupler. 


*  Work  supported  by  the  U.  S.  Department  of  Energy, 
Office  of  Basic  Energy  Sciences,  under  Contract  No.  W-31- 
109-ENG-38 


Each  cavity  uses  a  ceramic  window  at  the  accelerating 
gap  to  save  the  vacuum  pumping;  only  the  inside  of  the 
beam  pipe  is  evacuated  and  the  outside  of  the  beam  pipe  is 
filled  with  air.  The  ceramic  windows  are  identical  for  both 
cavities;  they  have  6”  diameter  and  are  directly  attached  to 
the  circular  beam  pipe. 

Next,  experience  with  the  measurement  and  operation 
of  the  cavities  will  be  discussed,  and  the  tuner 
characteristic  in  each  cavity  will  be  shown.  The  higher- 
order  mode  characteristics  of  the  cavities  have  been 
measured:  measurements  of  the  higher-order  modes  of  the 
cavities  with  the  beam-induced  frequency  spectrums  will 
be  shown. 

11.  9 JSMHzFundamentalFrequency Cavity 


Figure  1:  Fundamental  frequency  cavity  construction 


The  first  harmonic  cavity  was  designed  with  a  compact 
size  in  mind.  A  ceramic  window  is  used  at  the  accelerating 
gap  in  the  beam  pipe.  Four  input  loop  couplers  are  used  on 
the  outer  cylinder  and  four  tuners  are  used  on  the  end  wall. 
Figure  1  shows  the  plunger-loaded  cavity  with  the  input 
couplers  and  the  ferrite  tuners.  A  small  loop  type  field 
probe  is  used  to  monitor  the  amplitude  and  the  phase  of  the 
cavity  field  signal.  The  outside  shell  is  made  of  aluminum 
and  the  inner  conductor  is  made  of  copper.  The  inner 
conductor  is  a  water-cooled  copper  cylinder  surrounding  the 
stainless  steel  beam  pipe  of  the  ring.  Along  the  end  rim  of 
the  inner  plunger  cylinder,  a  1”  diameter  cylindrical  corona 
ring  is  attached  to  reduce  the  chance  of  arcing  inside  the 
cavity.  The  maximum  gap  voltage  required  by  the  system  is 
40kV. 

Tuner 

The  fundamental  frequency  cavity  operates  in  CW 
mode.  The  cavity  has  four  ferrite  tuners  which  can  tune  the 
cavity  resonant  frequency  up  to  ±10kHz.  Each  tuner  has  six 
ferrite  toroids  in  a  copper  housing  and  a  coupling  loop.  The 
fundamental  cavity  employs  four  tuners  separated  by  90 
degrees  in  a  circular  wall  of  the  cavity.  The  ferrite  material 
used  in  the  tuner  has  fairly  low  loss  at  the  operating 
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frequency  range  so  that  the  damping  due  to  the  tuner  is 
almost  negligible.  Table  1  shows  the  specifications  of  the 
ferrite  material  used  in  the  tuners. 


Table  1:  Ferrite  toroid  specifications 


Material 

Toshiba  M4C21A 

Outer  Diameter 

8.0” 

Inner  Diameter 

5.0” 

Thickness 

1.0” 

Resistivity 

3-10x109  Q-cm 

Relative  Permittivity 

13.0  @40MHz 

Electric  Loss  Tangent 

0.00030  @40MHz 

Initial  Permeability 

40-47 

Magnetic  Loss  Tangent 

0.008  -  0.009 

Curie  Temperature 

340°C 

The  rf  coupling  is  made  with  a  single-turn  rectangular 
hollow  copper  loop  which  has  control  windings  inside.  Forty 
turns  of  #12  high-temperature  wire  were  used  and  the 
current  was  limited  to  25A  for  safe  operation  of  the  tuners 
without  damaging  the  insulation.  The  frequency  drift  of  the 
cavity  due  to  the  rf  heating  is  about  15°F  and  can  be 
covered  by  the  tuning  range  of  the  tuners. 

III.  \\1 3yS{zl{AmONIC¥REQUENCYCAVrrY 


Figure  2:  Harmonic  cavity  construction 

Figure  2  shows  the  117.3MHz  harmonic  frequency 
cavity.  The  cavity  was  built  using  stainless  steel  for  the 
outer  shell  and  aluminum  for  the  center  conductors.  Like 
the  fundamental  cavity,  the  accelerating  gap  has  a 
cylindrical  ceramic  window.  Since  the  harmonic  system 
operates  in  pulsed  mode,  the  multipactor  on  the  ceramic  at 
a  certain  rf  power  level  caused  the  nonlinear  rf  reflection  at 
the  input  coupler  and  difficulty  in  normal  operation  of  the 
automatic  gain  control  (AGC)  feedback  control  loop.  The 
ceramic  was  replaced  with  a  titanium-coated  one  to 
eliminate  the  problem.  The  system  requires  a  30kV 
maximum  gap  voltage. 

Tuner 

The  ferrite  toroids  used  in  the  harmonic  cavity  tuner 
are  identical  to  the  ones  used  in  the  9.78MHz  tuners.  Three 
toroids  are  stacked  inside  a  copper  cylinder  to  construct  a 
tuner.  An  rf  coupling  loop  is  used  to  couple  rf  to  the  tuner 
housing.  The  rf  coupling  loop  also  has  control  current 


windings  inside.  In  the  rf  coupling  loop,  a  bypass  capacitor 
was  used  to  maintain  fast  response  with  the  pulsed  tuning 
current.  The  harmonic  cavity  employs  one  tuner  on  the 
cavity  outer  shell.  The  tuner  has  80  turns  of  control  winding. 
For  safe  operation  of  the  tuners  without  overheating,  the 
tuner  control  current  was  limited  to  35A.  The  system 
requires  damping  by  ~5  and  detuning  by  -180kHz  for  the  off 
state  compared  to  the  on  state. 

IV.  Measurements 

9J8MHz  Cavity 

The  cavity  fundamental  resonant  frequency  vs.  the 
tuner  current  is  shown  in  Figure  3.  The  cavity  Q  vs.  the 
tuner  current  at  the  resonance  is  found  to  be  almost 
constant.  This  shows  that  the  ferrite  material  has  low  loss  at 
the  frequency.  Measured  Q  is  about  4,800.  The  cavity  was 
tested  to  36kV  and  the  tuning  range  was  measured  as 
±10kHz. 


Figure  3:  Fundamental  cavity  frequency  vs.  tuner  current 
117,3MHz  Cavity 

Detuning  and  damping  the  cavity  are  done  with  a 
single  ferrite  tuner  at  the  same  time.  This  can  be  achieved 
with  the  loss  characteristic  of  the  ferrite  toroid  at  this 
frequency;  the  ferrite  is  lossy  with  no  bias  but  lower  loss 
when  saturated.  The  cavity  fundamental  resonant  frequency 
vs.  the  tuner  current  is  shown  in  Figure  4.  The  cavity  Q  vs. 
the  tuner  current  at  the  resonance  is  shown  in  Figure  5. 
Measured  Q  at  full  design  current  is  about  2,400  with 
maximum  control  current.  Since  the  ferrite  is  much  lossier 
at  this  higher  frequency  with  no  bias  current,  the  ferrite 
tuner  works  as  a  damper.  The  cavity  was  tested  to  30kV 
gap  voltage.  The  damping  factor  was  4  and  detuning  range 
was  -170kHz. 
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components  are  damped.  The  bunch  current  was  --2nc  and 
the  bunch  length  was  -0.6ns. 


Figure  4:  Harmonic  cavity  frequency  vs.  tuner  current 


Figure  5:  Harmonic  cavity  Q  vs.  tuner  current 


V.  Uigher-OrderModes 
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Figure  6:  Beam-induced  field  spectrum  of 
9.78MHz  cavity 


Frequency,  Q-factor,  and  shunt  impedances  of  the 
cavity  higher-order  modes  were  found  by  computer 
simulation  for  the  cavities  [2]  [3].  Computer  simulations 
were  possible  for  the  cavities  without  accessories  such  as 
the  tuners  and  input  couplers.  The  spectrum  of  the  beam- 
induced  higher-order  modes  of  the  fundamental  cavity  and 
the  harmonic  cavity  have  been  measured  with  the  field 
probes  and  are  shown  in  Figures  6  and  7,  respectively. 
Figure  7  also  shows  that  the  revolution  harmonics  of  the 
fundamental  frequency  and  most  higher  frequency 
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Figure  7 :  Beam-induced  field  spectrum  of  the 
117.3MHz  cavity 

VI.  Conclusion 

The  fundamental  cavity  operates  in  CW  mode  while 
the  harmonic  cavity  works  in  pulsed  mode.  During  the  ‘off 
state,  the  tuner  detunes  and  damps  the  cavity.  By  adjusting 
the  coupling  between  the  tuner  and  the  coupler,  the 
required  damping  and  detuning  could  be  obtsdned.  The 
fundamental  and  the  harmonic  cavities  have  been  working 
well  so  far,  but  some  improvement  is  required  in  the 
fundamental  cavity:  a  higher  gap  voltage  and  a  greater 
tuning  range.  The  accelerating  gap  voltage  can  be 
increased  if  the  distance  between  the  two  concentric 
cylinders  for  capacitive  loading  is  increased.  The  position 
of  the  rf  coupling  loop  of  the  tuners  affects  the  tuning  range 
of  the  tuners.  For  more  tuning  range  the  position  of  the 
loops  must  move  closer  to  the  center  conductor  of  the 
cavity. 


VII.  Acknowledgment 

The  authors  express  thanks  to  E.  Wallace,  D. 
Bromberek,  J.  Maj,  G.  Waldschmidt,  and  J.  Cho  for  their 
efforts  in  installation  and  measurement  of  the  cavity 
systems. 


VIII.  ^FERENCES 

[1]  M.  Borland,  “Commissioning  of  the  Argonne  Positron 
Accumulator  Ring,”  these  proceedings. 

[2]  Y.  W.  Kang,  R.  L.  Kustom  and  J.  F.  Bridges,  ’Twelfth 
Harmonic  Cavity  of  the  Positron  Accumulator  Ring  of 
the  Advanced  Photon  Source,"  Light  Source  Note, 
ANL/LS-  211  (1992). 

[3]  Y.  W.  Kang,  J.  F,  Bridges,  and  R.  L,  Kustom,  "Reduced 
Length  Design  of  9.8MHz  RF  Accelerating  Cavity  for 
the  Positron  Accumulator  Ring  of  the  Advanced  Photon 
Source,"  Proc.  of  the  IEEE  Particle  Accelerator 
Conference,  pp.  1054-1058,  1993. 


1695 


THE  PROPOSAL  OF  COMPLEX  IMPEDANCE  TERMINATION  FOR 
VERSATILE  HOM  DAMPER  CAVITY 

V.V.  Paramonov 

Institute  for  Nuclear  Research  of  the  RAS,  117312,  Moscow,  Russia 


Abstract 

The  proposal  of  high  order  mode  (HOM)  damping  using  heav¬ 
ily  loaded  annular-slot  resonant  cavity  has  been  described  in  de¬ 
tails  and  some  results  have  been  presented  [1].  Investigation  has 
shown,  that  damper  absorbs  enough  large  RF  power  from  fun¬ 
damental  mode,  leading  to  reduction  in  Q  factor.  Short  phys¬ 
ical  consideration  and  results  of  calculations  have  shown,  that 
introducing  of  complex  impedance  termination  (RC  chain  in  se¬ 
ries)  with  simple  realization  evolves  lower  power  absorption  at 
the  fundamental  frequency.  Reduction  in  absorbed  RF  power  at 
low  frequencies  in  8  H-  9  times  is  due  increasing  in  absolute  value 
of  the  loading  impedance  and  introducing  of  the  phase  shift  be¬ 
tween  RF  current  and  voltage. 


1.  INTRODUCTION 
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The  proposal  of  HOM  damping  using  heavily  loaded  annular- 
slot  resonant  cavity  has  been  described  in  details  and  some  re¬ 
sults  have  been  presented  in  [1],  [2].  A  prototype  HOM  damper 
[3]  for  the  ferrite  tuned  KAON  TRIUMF  booster  cavity  has  been 
constructed  to  measure  damping  of  all  modes  up  to  1  GHz.  The 
mode  damper  has  a  broad  range  and  damps  effectively  up  to  1 
GHz,  but  absorbs  power  at  the  fundamental  mode.  In  this  pa¬ 
per  we  consider  some  recommendation  for  optimization  of  the 
damper  cavity  and  the  proposal  [4]  of  complex  impedance  termi¬ 
nation  (CIT)  to  decrease  power  absorption  at  fundamental  mode. 


Figure  1.  The  schematic  sketch  of  the  damper  cavity  and  the 
equivalent  scheme  of  the  circuit. 


LUJnCg 


=  0. 


(1) 


Defining  the  complex  impedance  presented  to  the  beam  at  the 
gap  as  [1]: 


11.  LUMPED  CIRCUIT  ANALYSIS 

Analysis  of  the  dumping  effect  for  the  system  main  cavity 
-  damper  cavity  with  dumping  resistor  we  will  provide  using 
lumped  circuit  method.  This  case  we  shall  limit  consideration 
with  modes  of  coaxial  type  field  distribution  in  the  vicinity  of 
the  accelerating  gap.  Most  of  HOM's  (except,  probably,  some 
modes  at  high  frequency  near  1  GHz)  fulfill  this  condition. 
Following  [1],  equivalent  circuit  for  the  system  is  shown  in 
Fig.l,  where  Zc{u})  is  the  output  impedance  of  the  main  cavity 
to  accelerating  gap,  Cg  -  equivalent  capacitance  of  the  accelerat¬ 
ing  gap,  Rc  -  equivalent  resistance  of  the  RF  losses  in  the  main 
cavity,  Zd  is  the  impedance  of  the  damper  cavity  and  Zi  is  its 
loading  (in  general  form  complex)  impedance. 

Let  consider,  at  first,  the  main  cavity  (assuming  shortening  be¬ 
tween  points  A  and  B  at  the  circuit  Fig.l )  parameters.  The  val¬ 
ues  of  ZcjCgj  R—  c  have  to  be  adjusted  to  simulate  cavity  with 
the  same  frequency,  impedance  to  the  beam  Zb  and  Z^/Q  value 
as  for  accelerating  cavity.  Condition  for  resonant  frequencies  of 
the  main  cavity  is  follows: 


Z  —  Rc)Zg 

Zc  +  Rc  4-  Zg  ’ 


(2) 


where  Zg  =  IfiuCg  is  the  complex  impedance  of  the  gap 
capacitance,  and  taking  into  account  (1),  one  can  derive  for 
impedance  Z^n  =  Zb(cJri)  at  the  resonant  frequencies  of  the 
system: 


Zbn  = 


ICJnCg 


^IClRc 


(3) 


It  is  natural  to  consider  the  main  cavity  as  the  short-circuited 
copper  coaxial  line,  because  original  ferrite  tuned  accelerating 
cavity  is  coaxial  type  one.  But  for  the  short-circuited  coaxial  line 
ujn  «  (2m  -f  Vjuji ,  where  oji  is  the  frequency  of  the  fundamen¬ 
tal  mode  and  m  is  integer,  2m  -|- 1  =  n.  For  the  impedance  of 
the  HOM,  if  R^  =  const,  one  will  have  (3)  Z^n  ~  Di¬ 
rect  calculations  shows  for  the  impedance  Z^n  the  dependence 
Zbn  ^  To  simulate  more  realistic  case,  we  will  assume 

Rc  —  This  case  the  impedances  of  the  HOM's  de¬ 

crease  slightly  with  frequency  increasing  and  dumping  problem 
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becomes  more  severe.  The  values  for  Zc{ijJi),Cgy  Rco  were  fit¬ 
ted  to  have  Zi,i  =  210  kOhm,  Z^i/Qi  =  40  Ohm  at  the  fre¬ 
quency  CL;i/27r  =  &2MHz. 

At  the  second  step  of  the  analysis  let’s  consider  the  main  cav¬ 
ity  together  with  the  damper  one,  supposing  loading  impedance 
Zi  =  oo.  This  case  pure  imaginary  (inductive  type)  impedance 
of  the  damper  cavity  Zd  =  t\Zd\2X  the  frequency  of  the  funda¬ 
mental  mode  is  small  addition  to  Zc,  leading  to  the  small  shift  in 
the  resonant  frequency  (1).  There  are  no  increasing  in  real  part 
of  resistance,  and,  hence,  there  are  no  dumping  of  the  impedance 
Zb.  Without  the  loading  resistance  the  damper  cavity  is  insuffi¬ 
ciently  small  addition  to  the  total  surface  of  the  main  cavity  in  the 
region  with  low  magnetic  field  and  don’t  lead  to  the  increasing 
of  the  RF  power  dissipation. 

Then  consider  the  case,  when  the  loading  impedance  Zi  is 
active  resistance  Zi  =  Ri.  We  can  transform  parallel  chain 
’damper  cavity  -  loading  resistance’  in  series  one  with  the  same 
impedance  Zdi : 


\Z,\-^Ri  \Z,\Rf 

-  Zi  +  z,-  Ei  +  w  Rf  +  W  ■ 

At  the  frequency  of  the  fundamental  mode  \Zd{u)i)\  2  -^- 

4  Ohm  <C  Ri  and  for  Zdi  good  estimation  will  be: 

ZdY  ~  +  t\Zd\.  (5) 

Ri 

One  can  consider  the  real  part  of  Zdi  as  the  addition  to  the 
equivalent  resistance  Rc.  This  addition  will  lead  to  increasing 
in  the  RF  power  dissipation  at  the  fundamental  mode. 

Let’s  consider  more  complicated  loading  circuit  -  resistance  Ri 
in  series  with  capacitance  Ci .  We  transform  total  circuit  ’damper 
cavity  -  loading  chain’  to  the  equivalent  chain  in  series  with  the 
loading  impedance  Zd2: 


\Zj\-^Ri  +  i{\Zd\Rf- 


Hill 

wCi 


+  JZjL) 


Rf  +  i\Zd\-;:^) 


(6) 


If  we  choose  the  loading  capacitance  Ci  to  fulfill  the  condition 
Ri  ^  \Zd\  (it  is  not  difficult,  for  Ci  =  » 

120  Ohm),  for  the  loading  impedance  Zd2  one  get: 


^<i2  ~  \ZdfRi{ojCi)^  +  i\Zd\Rf{uCiy.  (7) 

Comparing  (5)  and  (7),  we  see  reduction  of  the  loading 
impedance  at  the  fundamental  frequency  in  {RiOJiCiy  times. 
Following  [1],  the  damping  resistance  Rd  is: 


Rd  —  \  j Tecd{\ / Z g Zg  —  Zc  Zdt,  (8) 

where  Zdt  =  Zdi  or  Zdt  =  Zd2  -  total  impedance  of  the 
dumping  chain.  After  simplification  one  can  get  for  Rd  at  the 
fundamental  frequency: 


Rd  « 


Ri 


if  loading  circuit  is  resistance  and: 


(9) 


RiujtCICl\Zd\^’ 

if  loading  circuit  is  RC  chain.  Comparing  (9)  and  (10),  one 
see  increasing  of  the  dumping  resistance  at  the  fundamental  fre¬ 
quency  in  [RiujiCi)’^  times. 

IIL  OPTIMIZATION  OF  THE  DAMPING 
RESISTANCE 

For  good  damper  we  need  in  high  value  of  the  damping  re¬ 
sistance  Rd  at  the  fundamental  frequency  and  low  value  at  fre¬ 
quencies  of  HOM”s.  Consideration  shows,  that  introduction  of 
loading  capacitance  Q  improves  the  total  selectivity  of  damping 
circuit  in  low  frequency  range.  Taking  into  account  \Zd\  simuj, 
one  see  Rd  ^  (9)  for  original  proposal  and  Rd  ^  (10) 

for  CIT.  It  allows  us  have  larger  difference  in  damping  effect  be¬ 
tween  fundamental  mode  and  ROM’s.  In  comparison  with  active 
resistance,  CIT  allows  obtain  this  difference  in  one  order  more. 
With  introducing  of  additional  parameter  we  obtain  more  flexi¬ 
bility  in  optimization  of  the  damping  circuit. 

Let  provide  simple  qualitative  analysis  to  obtain  guidance  line  in 
choosing  of  parameters  for  the  damping  circuit.  Comparing  (9) 
and  (10),  one  see,  that  loading  capacitance  reverse  effect  from 
loading  resistance  at  low  frequencies.  It  is  clear,  because  for 
^  Ri  the  absolute  value  of  loading  impedance  is  deter¬ 
mined  by  capacitative  part  and  RF  current  in  RC  chain  is  shifted 
in  phase  with  respect  to  RF  voltage.  To  have  at  the  fundamental 
frequency  high  value  of  damping  resistance,  we  need  in  small 
values  of  RdyCd  and  Zd  (10).  But  at  high  frequency  Rd 
1  / {Z^  Rd)  and  we  can’t  take  Rd  too  small.  To  prevent  increasing 
of  Rd  due  to  serious  resonance  of  the  damper  cavity  (Zd  =  0), 
this  resonance  must  be  higher  than  range  of  damping  (so,  as  in 
original  proposal).  The  dependence  Rd((^)  exhibits  the  mini¬ 
mum  near  frequency  Zd  —  The  capacitance  Ci  loads 

the  damper  cavity  at  the  frequency  of  first  resonance,  shifting  it 
down,  and  don’t  effect  on  frequency  of  the  second  resonance. 
It  is  additional  performance,  because  damper  cavity  have  to  be 
shorter  and  mode  separation  additionally  improves.  With  small 
values  of  Q  and  Ri  the  minimum  of  the  dependence  Rd{^)  is 
enough  narrow  and  deep.  To  damp  successfully  the  first  ROM, 
the  damping  circuit  have  to  be  tuned  to  have  minimum  Rd  in  the 
range  of  the  frequency  changing  for  this  ROM,  closer  to  the  low 
limit  of  this  range.  If  we  will  increase  |Zrf|  at  the  fundamental 
frequency,  Rd  at  high  frequency  will  decrease.  One  can  do  it  by 
increasing  of  the  slot  width  in  the  damper  cavity,  provoking  so 
more  strong  coupling  with  ROM’s  of  the  main  cavity.  But  at  the 
fundamental  frequency  Rd  will  decrease  too. 

These  reasons  may  be  considered  as  recommendations  in 
choosing  of  the  damper  cavity  option  for  realization.  Another 
reasons,  including  technological,  have  to  be  taken  into  account. 
Because  there  are  analytical  expressions  for  the  damping  circuit 
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Figure  2.  The  dependencies  as  a  functions  of  frequency.  1  -  fun¬ 
damental  mode,  2  -  undamped  ROM’s,  3  -  damped  ROM’s,  4  - 
damping  resistance. 

parameters,  optimization  of  the  damping  circuit  may  be  passed 
to  computer. 

As  the  example,  for  one  option  the  effect  of  the  damping  cir¬ 
cuit  is  shown  at  Fig.  2.  Parameters  of  the  damping  circuit 
are  Crf  =  1.5(7^,  i?/  =  dOhm.  At  the  fundamental  fre¬ 
quency  reduction  in  the  impedance  is  w  0.07  for 

=  Q2MHz,  At  the  low  limit  of  the  fundamental  frequency 
range  ^  =  46MHz  reduction  in  the  impedance  is  one  order 
less.  With  decreasing  of  the  fundamental  frequency  the  damp¬ 
ing  impedance  rises  fact.  Moreover,  at  low  frequency  own  RF 
losses  in  the  main  cavity  increases  due  to  higher  losses  in  ferrite. 
The  RF  power,  dissipated  in  the  damping  circuit  depends  on  RF 
voltage,  induced  on  damper  cavity  and  don’t  depends  on  qual¬ 
ity  factor  Qo  of  the  main  cavity.  So,  with  high  Qo  relative  value 
in  increasing  of  RF  power  dissipation  will  be  higher.  It  is  valid 
for  all  types  of  dampers  and  have  to  be  taken  into  account  under 
comparison  of  different  types  of  dampers. 

Direct  calculation  (using  codes  like  SUPERFISR)  of  the  RF 
voltage  induced  on  damper  shows  lower  RF  losses  in  comparison 
with  lumped  circuit  results. 

Results  of  this  consideration  show,  that  with  introducing  of 
CIT  RF  power  dissipation  at  the  fundamental  frequency  may  be 
decreased  significantly  and  be  close  to  very  good  results,  ob¬ 
tained  in  [5]  (experimentally). 

Technical  realization  of  CIT  seems  not  so  difficult,  because 
value  of  the  capacitance  Ci  needed  is  not  so  large.  At  fundamen¬ 
tal  mode  in  the  gap  of  the  damper  cavity  there  are  no  large  volt¬ 
ages  and  different  design  may  be  realized. 

IV,  CONCLUSION 

Short  physical  consideration  and  results  of  calculations  have 
shown,  that  introducing  of  complex  impedance  termination 
evolves  lower  power  absorption  at  the  fundamental  frequency 
without  deterioration  of  ROM’s  damping. 

The  author  thanks  R.L.  Poirier  and  A.K.  Mitra  for  discussion 
and  interest  in  this  work. 


References 

[  1  ]  W.R.Smythe,  T. A.Energen  and  R.L.Poirier.  A  Versatile  RF 
Cavity  Mode  Damper.  Proc.  of  the  2nd  EPAC,  France, 
1990,  p.976-978 

[2]  W.R.Smythe,  C.Friedrichs  and  L.S.Walling,  Proton  Syn¬ 
chrotron  RF  Cavity  Model  Damper  Tests,  1991  IEEE  Parti¬ 
cle  Accelerator  Conference,  May  6-8, 1991,  San  Francisco, 
p.  643-645 

[3]  A.K.  Mitra.  Measurements  on  a  prototype  ROM  damper 
cavity  at  TRIUMF.  RF  Workshop,  SSCL,  Texas,  USA, 
June  25-26, 1992 

[4]  V.V.  Paramonov.  Possible  improvement  of  the 
ROM  damper  cavity  using  frequency  dependent  load.  RF 
Workshop,  SSCL,  Texas,  USA,  June  25-26, 1992 

[5]  A.K.  Mitra.  A  new  concept  of  a  higher-order-mode  damper 
fortheKAON  booster  cavity,  Proc.  ofthe  4-th  EPAC,  1995, 
p.2158 


1698 


THE  MAGNETRON-TYPE  VARACTOR  FOR  FAST  CONTROL  IN 

ACCELERATOR  RF  SYSTEMS 


M.I.  Kuznetsov,  V.V.  Paramonov,  Yu.V.  Senichev 
Institute  for  Nuclear  Research  of  the  RAS,  117312,  Moscow,  Russia 
LB.  Enchevich,  R.L.  Poirier 
TRIUMF,  Vancouver,  B.C.,  V6T  2A3,  Canada 


ABSTRACT 

The  RF  test  of  the  magnetron- type  varactots  have  shown  [1] 
the  proof  of  principle  of  this  device.  A  comparison  with  the  other 
power  rf  tunable  devices,  such  as  ferrite  tuners,  shows,  that  the 
varactor  has  a  response  time  a  few  orders  of  magnitude  shorter. 
In  the  experiments  this  time  was  estimated  to  be  in  the  order  of 
10“®5ec  for  operating  frequency  «  d^MHz.  This  feature  of  the 
varactor  opens  new  applications  of  the  varactor  for  a  fast  modu¬ 
lation  (in  order  of  few  tens  of  the  working  rf  period)  of  the  am¬ 
plitude  and  the  phase  of  the  accelerating  voltage  in  the  the  rf  cav¬ 
ities.  Basing  on  results  of  numerical  simulation,  different  appli¬ 
cations  of  the  device  for  fast  control  and  improvements  in  the  de¬ 
sign  to  reduce  response  time  are  considered. 

L  INTRODUCTION 

During  the  development  of  rf  systems  for  kaon  factories  a 
magnetron  type  varactor  was  proposed  [4]  as  a  tuner  for  acceler¬ 
ating  cavities  in  synchrotron  rings.  The  Test&Development  pro¬ 
gram  was  carried  out  as  a  collaboration  between  TRIUMF  and 
INR  resulting  in  the  proof  of  principle  of  this  device. 

Varactor  may  be  used  as  the  narrow  range  tuner  for  accelerat¬ 
ing  cavities  with  moderate  or  high  accelerating  voltage  [1],  but 
main  advantage  of  the  magnetron  type  varactor  is  its  short  time 
of  reaction.  It  stimulates  us  in  consideration  of  this  device  as  the 
instrument  of  fast  control  in  RF  systems. 

II.  VARACTOR.  DESIGN,  OPTION  OF 
OPERATION,  LIMITATIONS 

A  schematic  sketch  of  the  varactor  is  presented  in  Fig.  1.  The 
varactor  is  a  coaxial  system  consisting  of  outer  conductor  (I),  in¬ 
ner  conductor  (2),  cathode  (3)  and  reflector  (4).  The  ceramic  in¬ 
sulator  (5)  mechanically  supports  the  construction  and  provides 
a  dc  isolation.  The  magnetic  field  B  is  directed  along  the  z  axis, 
the  dc  control  voltage  Ucc  (with  respect  to  outer  conductor)  and 
therf  voltage  Urf  are  applied  between  the  conductors,  providing 
electric  fields  Ecc  and  E’rf  in  a  radial  direction.  The  outer  con¬ 
ductor  with  radius  is  fixed  at  ground  potential. 

The  simple  theory  of  the  device  is  described  in  [2].  Under 
conditions  above  the  motion  of  electrons  in  interaction  space  be¬ 
tween  inner  and  outer  conductors  may  be  subdivided  in  three 
parts: 

-  fast  cyclotron  rotation  with  the  frequency  a; =1  ^  |; 

-  drift  of  the  center  of  Larmor  orbit  in  azimuth  direction  with  ve¬ 
locity  V  ^  {Ecc  Erf  Eo)/B,  where  Eo  is  the  own  electric 
field  of  the  electron  cloud; 

-  motion  along  z  axis. 
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Figure  1.  Schematic  sketch  of  the  varactor.  1  -  outer  conductor, 
2  -  inner  conductor,  3  -  cathode,  4  -  reflector,  5  -  insulator,  6  - 
control  grid 


It  may  be  shown  [2],  that  presence  of  the  electron  cloud  or 
electron  beam  in  the  interaction  space  results  in  an  increase  of 
the  effective  permitivity: 


6  =  14- 


ne" 


1  + 


ne^ 

rrujl 


(1) 


where  n  is  density  of  electrons,  u  =  27r/,  f  is  the  self  rf  fre¬ 
quency  of  the  system.  This  effect  depends  on  both  the  charge 
density  and  the  position  of  the  electron  cloud.  Treatment  of  re¬ 
sults  obtained  in  experiments  [2]  have  confirmed,  that  the  influ¬ 
ence  of  the  charge  density  is  match  more  stronger,  especially  if 
ratio  Ta/rcc  is  not  large. 

Several  reasons: 

a  -  to  have  the  controllable  motion  of  electrons; 
b  -  to  reduce  a  absorption  of  the  RF  energy; 
c  -  to  reduce  radius  of  cyclotron  rotation,  and,  hence,  radial  di¬ 
mension  of  the  beam  -  lead  to  the  condition  a;  -C 


Two  different  options  may  be  realized  in  the  operation  of  the 
varactor. 

The  simplest  case  is  a  beam  regime,  when  electron  pass  var¬ 
actor  one  time  from  the  cathode  to  the  reflector  (this  case  reflec¬ 
tor  really  is  an  absorber).  Only  heat  loading  to  the  reflector  lim¬ 
its  the  range  of  tuning.  Both  estimations  and  the  results  of  nu¬ 
merical  simulation  shows  for  the  reasonable  heat  deposition  (less 
than  1  kWt,  cooling  is  necessary)  the  range  Ae  ~  5%  as  achiev¬ 
able.  A  transit  time  for  electron  from  the  cathode  to  the  absorber 
may  be  one  order  less  than  RF  period.  Experiments  performed 
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in  1992  have  shown  this  option  as  realistic  [3],  but  reflector  must 
be  specially  adapted. 

Second  option  of  operation  -  an  accumulation  of  electron 
cloud,  was  investigated  in  more  details  [2]  in  1993.  Providing 
magnetic  mirrors  near  the  cathode  and  the  reflector  and  prob¬ 
ably  adding  it  with  reflective  potentials  at  these  electrodes  we 
establish  a  trap  for  electrons  in  interaction  space.  Electron  will 
pass  interaction  space  several  times.  It  leads  to  sufficient  reduc¬ 
tion  in  the  emission  current  and  more  uniform  distribution  of 
losses  in  the  surface  of  the  device.  By  providing  a  good  mag¬ 
netic  trap  one  can  get  narrow  band  tuning  (Ae  ~  0  5%  for 

Uqc  =  0  ~ — 20  kV,)  at  low  RF  level  practically  without  any 
drop  in  (?  -  factor  of  the  system  with  very  small  value  of  emis¬ 
sion  current  (/he  =  18  mA)  [2],  [1].  Critical  points  in  this  op¬ 
tion  of  operation  are  regions  near  reflector  and  near  cathode.  In 
these  regions  density  of  electrons  is  match  more  higher  than  av¬ 
erage  density  in  interaction  space  (here  electrons  change  sign  of 
axial  velocity).  If  any  instabilities  take  place  in  the  cloud,  they 
arise  in  these  return  points.  Moreover,  main  part  of  an  energy 
extraction  from  RF  field  takes  place  under  injection  and  near  re¬ 
flector.  After  investigation  the  results  of  experiments  we  have 
developed  the  proposals  for  improvements  in  injection  and  the 
reflector  design  to  reduce  RF  energy  absorption  and  for  damping 
instabilities.  Specific  time  for  this  mode  of  operation  is  life-time 
of  electron  in  the  cloud.  From  a  treatment  of  experimental  data 
we  estimate  this  time  in  range  1  -r- 10  RF  periods,  depending  on 
the  regime  of  the  varactor  (see  [2]). 

For  both  options  of  the  varactor  operations  the  response  time 
of  the  varactor  as  the  controllable  device  will  strongly  depend  on 
delay  time  in  a  control  circuit.  Differing  from  previous  versions 
[4],  [3],  [1],  we  consider  a  now  device  with  constant  high  DC 
voltage  at  the  central  conductor.  Changing  of  the  cloud  density 
will  be  by  modulation  of  the  injection  current  with  low  control 
voltage  applied  between  the  cathode  and  the  control  grid  (Fig.l). 
All  problems,  connected  with  the  forming  of  current  pulses  in 
such  injection  system  are  good  investigated  in  the  development 
and  design  of  high  frequency  powerful  electron  tubes. 

The  results  of  numerical  simulation  have  confirmed  previous 
estimations  [1]  for  reasonable  parameters  of  the  device  at  differ¬ 
ent  levels  of  the  rf  voltage  and  have  clarified  reasons  of  disad¬ 
vantages. 

The  reason  of  nonlinearity  in  the  varactor  is  the  coaxial  design. 
It  leads  to  the  nonuniformity  of  the  electric  fields  E^c  and 
(the  dependence).  At  low  rf  voltage  level  Uri  «  500  V 
Ucc  the  displacement  of  electrons  under  rf  field  action  is  small 
and  the  nonlinearity  mainly  depends  on  ratio  r^/ Vec-  At  moder¬ 
ate  rf  voltage  level  (1  kV  <  J/rf  <  Ucc)  additional  factor  arises. 

If  the  density  of  the  cloud  is  comparable  with  the  Brillouin  den- 
2 

sity  725  =  ( it  is  needed  for  Ae/emin  ^  30%  or  more), 

own  electric  field  of  the  cloud  Eq  is  comparable  with  Ecc  and 
E'rf .  The  displacement  of  electrons  under  rf  field  action  is  not 
small  and  together  with  high  density  leads  to  significant  redistri¬ 
bution  of  electrons  in  the  cloud.  This  effect  grows  fast  with  the 
increasing  of  the  cloud  density  ('^  ti^)  and  very  fast  with  r^/ Vec 
increasing.  To  keep  nonlinearity  in  reasonable  limits  at  moderate 
rf  voltage  level  we  need  in  restriction  r^/vee  <  1-5. 

It  is  known,  that  all  controllable  reactive  devices  are  nonlin¬ 
ear.  The  smallest  value  of  nonlinearity  was  observed  for  perpen¬ 


dicular  biased  ferrite-tuned  cavities  [5].  But  in  these  cavities  rf 
magnetic  field  is  two  order  less  than  external  control  one.  For 
the  varactor  we  are  interesting  inUrf  ^  Ucc  and  a  nonlinearity 
don't  looks  as  the  especial  problem  of  this  device. 

For  high  rf  voltage  level  Uri  >  Ucc  direct  numerical  simula¬ 
tion  of  electron  motion  in  the  interaction  space  shows  interest¬ 
ing  but  very  complicated  picture,  especially  for  high  density  of 
the  cloud.  The  dependence  of  the  Eo  on  radius  differs  from  Ecc 
and  Erf  dependencies  -  Eo  grows  in  absolute  value  with  a  ra¬ 
dius  increasing.  The  total  electric  field  inside  the  cloud  changes 
with  time  during  rf  period  E't  =  Ecc  +  Erfsin{ojt)  -|-  Eo>  The 
cloud  becomes  subdivided  with  cylindrical  surface  r  =  const  in 
two  parts,  differing  in  a  direction  of  the  azimuthal  rotation.  As 
it  is  known  well,  such  configuration  is  unstable.  But  a  boundary 
between  parts  moves  enough  fast  in  radius  due  to  Erfsin{ijjt) 
changing.  It  provides  a  very  complicated  mixture  in  motion  of 
electron.  As  it  also  known  well,  such  effects  are  very  efficient  in 
instabilities  damping.  The  ability  of  stable  operation  for  varactor 
at  high  rf  voltage  level  Urf  >  Ucc  have  to  be  proved  in  experi¬ 
ments. 

An  application  of  the  varactor  looks  more  comfortable  at  low 
frequencies.  The  scaling  relationship  for  the  varactor  regimes 
([/rf  ~  f/cc  ~  ^  ljI)  is  valid.  To  meet  requirement 

(jjI  ::$>  with  increasing  of  operating  frequency  one  have  to  in¬ 
crease  magnetic  field  and  control  voltage  (but  will  have  increase 
in  rf  voltage).  Another  problem  is  the  forming  of  control  pulse 
at  the  control  grid  at  high  frequency. 

III.  POSSIBLE  APPLICATIONS  OF  THE 
VARACTOR  FOR  FAST  CONTROL 

Experimentally  it  was  shown  that  the  varactor  may  be  used 
as  a  controllable  reactive  device  with  an  rf  voltage  amplitude  at 
least  close  to  the  control  voltage  value  Ucc-  Taking  into  account 
all  improvements  proposed,  we  consider  now  the  tuning  range 
AC/Cmin  ^  30%  with  high  Q  factor  as  a  reasonable  limit  at 
moderate  rf  voltage  level. 

With  partial  connection  (through  a  small  dividing  capacitor), 
one  may  use  the  varactor  for  higher  values  of  rf  voltage,  but  with 
respective  reduction  in  the  tuning  range. 

One  can  consider  the  varactor  as  a  part  of  transmittion  line 
with  controllable  wave-resistanse  or  as  a  capacitor  with  control¬ 
lable  capacitance.  A  lot  of  applications  in  rf  systems  are  possi¬ 
ble,  for  example  phase  regulator  and  so  on.  Let  consider  possible 
applications  for  fast  control  of  the  frequency,  and  the  phase  of  the 
accelerating  voltage  in  the  the  rf  cavities. 

1.  Suppose  the  varactor  is  included  into  a  transmission  line 
between  an  rf  amplifier  and  a  cavity.  If  one  will  change  the  ca¬ 
pacitance  of  the  varactor  as  C  =  C{)-\-Cisin[ujit) ,  itwill results 
in  amplitude  modulation  with  frequency  for  transmittion  co¬ 
efficient  of  the  line.  A  rf  spectrum  for  a  signal  after  the  varactor 
will  contain  frequency  components  uj  —  oji,  oj  and  a;  +  cJi.  It 
will  be  the  spectrum  of  amplitude  modulated  signal.  The  cav¬ 
ity  will  accept  this  signal  if  a  bandwith  2a;  i  is  less  than  a  width 
of  a  resonant  curve  of  the  cavity  Ao;  =  io/Qi  and  rf  voltage 
in  the  cavity  will  be  modulated  in  amplitude.  Continuing  this 
proposal,  one  can  change  the  capacitance  in  more  complicated 
law  C  —  Co  Cisin{u)it)  -f  ...  -h  Cmsin{u}imi).  Combin- 
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ing  (7i  ...Cm  in  a  relation  defined  one  can  provide  for  the  cavity 
rf  spectrum  for  modulation  in  frequency  (but  with  a  reduction  in 
band,  because  for  modulation  in  frequency  ci;/Q/  >  2moji.  So, 
using  the  varactor  inserted  into  transmittion  line,  one  can  get  in 
the  cavity  signal  with  modulation  in  amplitude  or  in  frequency, 
or  more  complicated  signal.  The  bandwidth  of  the  modulation 
will  be  defined  by  passband  of  the  cavity.  The  depth  of  the  mod¬ 
ulation  depends  on  the  range  of  capacitance  change  and  can  not 
exceed  it.  This  case  seems  not  a  difficult  problem.  The  length 
of  the  interaction  space  of  the  varactor  is  related  with  a  wave¬ 
length  at  an  operating  frequency  (it  is  nonefficient  take  length 
>  A/4).  Specific  time  for  the  cloud  is  also  related  with  oper¬ 
ating  frequency.  For  the  cavity  with  reasonable  high  Qi  factor 
frequency  of  the  modulation  is  low  enough.  There  will  be  no  dif¬ 
ficulties  in  forming  of  a  pulse  on  control  grid  of  the  varactor. 

2.  Suppose  the  varactor  is  coupled  to  the  cavity  by  a  loop  or 
a  probe.  One  can  use  the  varactor  as  a  delicate  fast  additional 
instrument  in  frequency  control  system.  It  may  be  interesting 
for  accelerating  systems  with  heavy  heat  loading,  for  example, 
linear  accelerators  in  cw  mode  of  operation.  A  traditional  fre¬ 
quency  control  by  cooling  liquid  may  be  enough  inertial.  If  a 
traditional  system  will  eliminate  slow  main  part  of  the  detun¬ 
ing,  the  varactor  can  eliminate  a  small  residual  detuning  in  Qi 
rf  periods.  Our  calculations,  using  the  coupled  circuit  method, 
shows  the  varactor  be  able  to  detune  in  narrow  band  tuning  range 
Ao; /(jj  «  5.10"^  enough  big  cavities,  like  RFQ  or  short  IH  and 
DTL  tanks. 

In  both  cases  considered  above  typical  frequency  of  the  mod¬ 
ulation  is  determined  by  cavity  Qi  factor.  It  is  more  or  less  evi¬ 
dent  result,  because  cavity  is  mostly  inertial  chain  in  the  circuit. 
To  provide  more  fast  modulation,  one  need  activly  modify  pa¬ 
rameters  of  the  cavity. 

3.  Much  more  interesting  results  may  be  obtained  when  the 
varactor  is  directly  included  in  the  cavity.  Suppose  the  cavity  is 
good  described  with  lumped  parameters,  an  equivalent  capaci¬ 
tance  is  concentrated  near  accelerating  gap,  the  varactor  is  con¬ 
nected  in  parallel  to  accelerating  gap.  If  one  will  change  the  ca¬ 
pacitance  of  the  varactor  as  C  =  Co+Cisin{ojit) ,  it  will  results 
in  changing  of  total  capacitance  of  the  cavity.  Using  analogy 
with  LRC-circuits,  we  have  LRC  chain  with  floating  parameters. 
Theoretical  analysis  of  such  circuit  is  very  complicated  and  may 
be  done  using  methods  of  a  theory  of  nonlinear  oscillations.  Nu¬ 
merical  simulations  shows  additional  peaks  at  the  resonant  curve 
of  such  system.  The  position  of  peaks  at  a  frequency  scale  de¬ 
pends  on  the  modulation  depth  of  total  capacitance,  ratio  ui/u 
and  may  be  far  from  the  main  resonant  peak.  It  means,  that  the 
cavity  can  accept  broadband  signal  and  modulation  will  be  faster 
(really  in  order  of  several  tens  of  the  working  rf  period  for  high 
Qi  cavity).  But  we  consider  this  conclusion  as  preliminary.  Very 
careful  analysis  have  to  be  continued,  because  such  systems  (as 
it  is  known  from  theory  of  oscillations)  may  exhibit  undesirable 
effects  (instability,  parasitic  oscillations,  jumps  in  phase  and  am¬ 
plitude...  ). 

IV.  CONCLUSION 

The  magnetron-type  varactor  now  is  not  the  device  with  speci¬ 
fied  parameters .  It  looks  now  more  like  principle  of  operation  for 
new  type  of  controllable  reactive  RF  devices.  Our  experiments 


have  shown  proof  of  this  principle.  It  is  impossible  in  one  paper 
describe  all  possible  versions  and  applications.  Different  par¬ 
ticular  requirements  will  lead  to  different  realizations,  will  need 
in  detailed  development  and  experimental  verification.  Varac¬ 
tor  will  not  replace  ferrite-based  devices  for  broad-band  applica¬ 
tions,  but  as  the  instrument  for  the  fast  control  it  has  promising 
perspectives. 
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Abstract 

Using  general  electrodynamic  approach  and  particular  properties 
of  compensated  accelerating  structures  the  effect  of  distortions  in 
accelerating  field  distribution  due  to  RF  power  losses  in  surface 
and  for  beam  acceleration  is  considered.  Consideration  shows, 
that  for  proton  linacs  of  ’meson  facility’  type  (impulsive  beam 
current  4  50  mA,  acceleration  rate  Ua  ~  2  6  MV/m) 

this  effect  is  not  important  for  all  accelerating  structures  known. 
When  beam  current  4  ^  100  -f-  300  mA  and  Ua  ^  I  MV/m 
(like  linacs  for  accelerator-driven  transmutation  technologies), 
in  the  structures  with  small  group  velocity  (fig  «  0.04 )  signifi¬ 
cant  distortions  will  arise  and  efficiency  of  the  structure  for  beam 
acceleration  will  drop.  For  structures  with  large  group  velocity 
(fig  «  0.4)  such  effects  will  arise  at  beam  current  in  several  am¬ 
peres. 

1.  INTRODUCTION 

The  compensated  accelerating  structures  are  now  widely  used 
for  acceleration  of  charged  particles  for  high  energies  (rela¬ 
tive  velocities  fip  >  0.4).  Remember,  that  the  ’compensated’ 
is  named  structure  in  which  at  operating  frequency  coincide 
frequencies  of  two  modes  with  differing  parity  of  field  distri¬ 
bution  with  respect  to  symmetry  plane  (accelerating  and  cou¬ 
pling  modes)  [1].  Examples  of  compensated  structures  are  well 
known  Side-Coupled  Structure  (SCS),  Annular-Coupled  Struc¬ 
ture  (ACS),  On-axis  Coupled  Structure  (OCS),  Disk  And  Washer 
structure  (DAW)  and  so  on.  Particularity  of  compensated  struc¬ 
tures  is  ability  of  propagation  of  traveling  wave  0  or  tt  type  with 
group  velocity  differing  from  zero.  These  structures  are  used  in 
proton  linear  accelerators  of  ’meson  facility’  type  Under  consid¬ 
eration  now  are  projects  of  accelerators,  with  beam  current  in 
several  hundreds  mA.  In  this  case  RF  power  needed  for  beam  ac¬ 
celeration  in  several  times  exceeds  RF  losses  in  the  structure.  It 
leads  to  the  additional  distortion  of  accelerating  field  distribution 
along  the  structure  in  steady-state  regime. 

11.  THE  FIELD  DISTRIBUTION 

Below  we  shall  consider  (without  loss  of  generality)  the  ac¬ 
celerating  structures  with  operating  tt  mode.  The  electromag¬ 
netic  field  in  the  cavity  is  a  result  of  adding  of  two  traveling 
waves  -  forward  wave,  from  RF  source,  and  backward  wave,  re¬ 
flected ‘from  the  end  of  the  accelerating  cavity.  The  losses  of  the 
RF  power  in  really  conductive  surface  and  for  beam  acceleration 
lead  to  the  attenuation  of  propagating  waves.  Suppose  that  beam 
bunches  are  in  all  accelerating  gaps,  each  bunch  we  consider  as 
a  solid  and  process  is  steady-state.  Under  these  assumptions  all 
periods  of  the  structure  are  equivalent  and  the  field  distribution 


in  the  structure  must  satisfy  to  the  Floquet  theorem.  Suppose,  the 
accelerating  mode  and  the  coupling  one  have  the  field  distribu¬ 
tions,  described  by: 

Ha-Ha{‘p,r,z),  0<z<d,  (1) 

He  =  Hc{<p,  r,z),  0<z<  d, 

where  d  -  is  the  length  of  the  period  of  the  structure. 

Traveling  waves  of  0  or  x  type  can  propagate  if  there  is  no 
stop-band  at  the  dispersion  diagram.  In  practice  it  is  sufficient 
to  have  overlapped  resonant  curves  of  accelerating  and  coupling 
modes.  In  this  case  in  positive  direction  along  z  axis  propagates 
forward  wave  with  the  field  distribution  in  n-th  period  nd  < 

<  d-\-  nd: 

r,  z')  =  [Ha{^,  r,  z)  -  r,  (2) 

with  normalization  [1,2]: 

f  HldV  =  [  HldV,  (3) 

where  ^  -  is  phase  shift  per  period,  v  is  the  volume  of  the  one 
period  of  the  structure.  Propagating  in  negative  direction  back¬ 
ward  wave  have  to  be  described  with  complex  conjugated  to  (2) 
expression.  With  all  RF  losses  0  must  be  complex  value  6  =7r- 
la,  where  a  have  to  be  founded  as  the  solution  of  our  problem. 
For  the  field  distributions  of  forward  and  backward 
waves,  we  can  write: 

(4) 

where  Aj^  and  -  amplitudes.  The  reflection  of  the  forward 
wave  at  the  end  plate  of  the  cavity  (z  =  Nd)  provides  the  rela¬ 
tionship  for  amplitudes:  A_  =  For  the  magnetic 

field  of  the  standing  wave  in  the  n-th  period,  taking  into  account 
(2)  -(4),  we  get: 

Hr  =  A+e~^'''cos(n7r)(i7a(l  -f  e^)  -  iHc{l  —  e“)),  (5) 

u  ^  ‘loc(z^  —  Nd). 

III.  THE  RF  POWER  BALANCE 

We  can  write  the  RF  power  balance  in  the  plane  z  =  0:  differ¬ 
ence  in  the  RF  powers,  carried  by  forward  and  backward  P_ 
waves  is  equal  to  the  RF  power  losses  in  surface  Pg  and  the  RF 
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power  for  beam  acceleration  and  using  well  known  relations 
for  traveling  wave  power  flux  transform  it  to: 


(10) 


-  W^)  _  c^,Wa{l  - 

+  d  -  2d  ■ 

where  and  W-  are  energies,  stored  by  forward  and  back¬ 
ward  waves  in  the  period,  pg  -  relative  group  velocity  of  waves, 
N  -  number  of  the  structure  period  from  the  RF  input  point  to  the 
end  of  the  cavity,  Wa  -  energy,  stored  by  standing  wave  acceler¬ 
ating  mode  in  the  period.  This  paper  we  shall  use  set  of  ’ideal’ 
notions.  For  example,  Wa  is  the  energy,  stored  by  operating  - 
accelerating  mode  in  the  period  of  the  structure  if  forward  wave 
has  the  amplitude  . 

In  calculations  of  RF  losses  in  the  surface  Pg  =  ^  f  H^dS 

we  have  to  know  the  field  distribution  including  changing  due 
to  attenuation.  In  general  form  it  is  impossible,  because  in  cav¬ 
ity  with  complex  real  form,  field  distributions  Ha{(Pj  r,  z)  and 
Hc{(p^rjz)  are  not  described  analytically.  To  calculate  P,,  we 
represent  the  integral  over  all  surface  as  a  sum  of  integrals  over 
all  periods,  and  each  integral  over  period  represent  as  a  product 
of  integrals  from  ’ideal’  field  distribution  Ha{<Py  r,  z)  and  from 
attenuation. 


Nad  ^ 


1+^ 


+  2  + 


f,  IbUg.Nir^p 
^  Pa  hidgQa 


In  the  case  N ad  <^1  attenuation  coefficient  a  don’t  depends  on 
number  of  periods  in  the  cavity  and  its  increasing  due  to  beam 
loading  is  proportional  to  the  ratio  of  RF  power  for  beam  accel¬ 
eration  to  RF  losses  in  the  surface,  or,  to  the  effective  increasing 
of  total  RF  losses  in  the  period.  The  coupling  mode  excites  in 
first  order  of  ad  (4)  and  increasing  in  total  RF  losses  due  to  this 
mode  excitation  is  in  second  order.  In  this  case  the  radiotechni- 
cal  parameters  of  the  structure  for  acceleration  are  practically  the 
same,  as  designed.  Quality  factor  don’t  changes  and  there  is  no 
decreasing  in  efficiency  of  acceleration. 

Let’s  define  accelerating  field  tilt  as: 


AE 


Eo-Em  _{l- 
Eo  “  1  + 


«  {Nadf 


(11) 


Operating  regimes  of  proton  linacs  of  ’meson  facility’  type  sat- 
isfy  to  the  condition: 


Ps  =  jiPa{ 


1  —  e 


—4iNad 


Nad 


-I-  4e' 


-4Nad 


)  + 


(7) 


Pci- 


c—4:Nad 


Nad 


■  4e' 


-4Ncxd 


)), 


where  Pa  and  Pc  are  RF  power  losses  in  surface  for  accelerat¬ 
ing  mode  and  coupling  one  (like  Wa),  The  RF  power  for  beam 
acceleration  P^,  taking  into  account  Ez  distribution  like  Hr  (3), 
is: 


P6 


tkz' 

Ezt  dP 


hUaN{l-e-^^^^) 

2Nad 


(8) 


where  k  is  wave  value,  4  -  beam  current,  Ea  and  Ta  are  tension 
and  transit  time  factor  for  accelerating  mode,  Ua  =  EaT a-  de¬ 
signed  energy  gain  per  period  (like  Wa).  One  can  neglect  con¬ 
tribution  of  the  coupling  mode  to  beam  acceleration,  because  its 
field  tension  Ec  is  several  orders  less  in  comparison  with  Ea  for 
accelerating  mode. 

Introducing  (8)  and  (8)  into  (6),  with  simple  transformation,  one 
get  for  a  determination: 


0gQa{l  -  ^  hUgNjl  + 

27r/?p  2NadPa  ^ 

N  {l-e-^^-^){Qa+Qc) 

8  NadQc  Qc 

where  Qa  and  Qc  -  are  quality  factors  of  the  accelerating  mode 
and  the  coupling  one. 

IV.  DISCUSSION 

In  the  case  of  small  total  attenuation  (Nad  1),  transform¬ 
ing  (10)  in  series  with  Nad  power,  one  find: 


^bUa  _  I^fZaCOS  ^  ^ 

'p7  "  Ua  ^ 

where  ^  is  synchronous  phase.  Comparing  two  accelerating 
structures  -  SCS  (Pg/^p  «  0.04)  and  DAW  structure  (PgIPp  ^ 
0.4),  assuming  these  structures  to  be  equivalent  with  shunt 
impedance  and  quality  factor  (Za  =  29  MOhmfm^  Qa  = 
1.8*10^),  with  40  periods  from  RF  input  to  the  end  of  the  cavity, 
Ua  =  2  MVfm^  h  =  50  ma,  one  will  have  tilt  0.58%  for  SCS 
structure  and  0,0054%  for  DAW  one.  The  RF  power  flux,  car¬ 
ried  through  the  structure  by  forward  wave  at  accelerating  rate 
given  Pa,  is: 


p  —  ^PgUqQa 

2nPpZeCOS^^' 


(13) 


and  for  typical  regime  of  the  ’meson  facility’  linacs  P+  is  sev¬ 
eral  hundreds  MWt,  exceeding  in  several  orders  the  RF  losses  in 
surface  P,  and  for  beam  acceleration  P^,.  This  case  all  RF  losses 
are  small  perturbation  with  respect  to  the  RF  power  flux,  carry¬ 
ing  through  the  structure. 

Now  under  consideration  are  projects  of  continuous  mode  lin¬ 
ear  accelerators  with  beam  current  several  hundreds  of  mA  - 
[3,4].  Beam  loading  in  such  accelerators  in  orders  exceeds  one 
for  ’meson  facility’  linacs.  Attenuation  ad  becomes  larger  then 
10”^.  All  assumptions,  made  in  derivation  (10)  remain  valid, 
but,  to  find  attenuation  one  must  solve  equation  (10),  because  es¬ 
timation  (10)  gives  lowered  value  for  ad.  This  case  ad  depends 
on  both  beam  loading  and  number  of  periods  in  the  cavity. 

Suppose  in  the  cavity,  containing  IN  periods  (RF  input  is 
placed  in  the  middle^  designed  energy  gain  per  period  is  Ua^ 
From  calculations  or  signal  RF  level  measurements  we  know 
quality  factor  Qa  and  effective  Za.  Using  this  data,  we  can  esti¬ 
mate  RF  power  needed  to  have  designed  total  energy  gain  with 
acceleration  of  large  current.  For  the  structure  with  (PgfPp  » 
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Figure  1 .  Dependencies  of  the  total  attenuation  Nad  vs  number 
of  periods  in  the  cavity  N  with  different  beam  current  hA  — 
125  ruA,  2  —  250  mA,  3  ~  500  mA,  4  —  1.0  A. 


Figure  2.  Dependencies  of  normalized  RF  power  losses  for  op¬ 
erating  mode  P”/  =  ^  and  for  coupling  one  Pj/  =  ^  vs  total 
attenuation  Nad,  Po>  =  P^r  +  Pj/  • 


0.04)  and  parameters,  mentioned  above,  Qc  =  Qa/^,  and  mid¬ 
dle  accelerating  rate  1.5  MV/m  plots  of  the  dependencies  of  the 
total  attenuation  along  the  cavity  are  shown  at  Fig.  1  for  different 
beam  currents. 

Ifthetotalattenuationbecomes  enough  large,  Nad  >  0.2,  the 
dependence  of  the  field  tilt  differs  from  square  and  the  value  of 
the  tilt  ^  reaches  significant  value.  At  least,  phase  oscillation 
of  particles  inside  separatrix  will  occur.  To  provide  RF  power 
flux  needed  along  the  cavity,  coupling  mode  in  periods  near  RF 
input  point  must  be  strongly  exited  (6).  For  all  structures  known 
the  quality  factor  for  coupling  mode  is  in  several  times  less  than 
for  accelerating  one  and  the  excitation  of  coupling  mode  leads  to 
significant  additional  losses  near  RF  input  point.  Total  RF  power 
dissipated  increases  not  so  fast,  but  this  increasing  presents.  It 
means,  that  effective  shunt  impedance  of  the  structure  decreases. 
Relation  of  the  total  RF  power  P^/ ,  dissipated  in  the  cavity  by  ac¬ 
celerating  mode  and  Pc/  for  coupling  one  to  have  the  designed 
value  of  total  acceleration  2NUa  depends  on  total  attenuation 
Nad  along  the  cavity,  which  is  proportional  to  the  number  of  pe¬ 
riods: 


Pa' 


Pc'  = 


=  PaNad^ 
PaQaNad 


2(1  - 

-ANade-^^^^ 
Qc2(1  -  e-2iVarf)2 


(14) 


Fast  rise  Pc*  with  Nad  explains  dependence  of  ad  vs  number  of 
periods  in  the  cavity. 

Analyzing  relationships  given  and  plots  presented  one  see, 
that  for  beam  current  500  mA  and  more  in  structures  with  small 
group  velocities  arise  unacceptable  effects.  Practically  the  struc¬ 
ture  closes.  Acceleration  take  place  in  several  periods  near  RF 
input  points  and  another  parts  are  not  used  effectively.  The  ratio 
of  RF  losses  between  the  first  (near  input  point)  and  the  last  pe¬ 
riods  rises  very  fast  with  the  beam  current  increasing.  For  accel¬ 
eration  of  beam  with  current  in  several  hundred  mA,  structures 
with  small  fdg  have  to  be  tuned  specially.  Using  analogy  with 
disk-loaded  waveguide  for  electron  linac,  it  is  preferable  to  have 


constant  gradient  along  the  cavity  with  current,  differing  from 
constant  impedance  sections  of  cavities,  which  are  now  used  in 
’meson  facility’  type  linacs.  Moreover,  number  of  periods  of  the 
structure  between  RF  input  points  have  to  be  not  large.  For  struc¬ 
tures  with  high  group  velocity  this  problems  are  absent. 

V.  SUMMARY 

In  this  paper,  using  electrodynamic  approach  and  general 
properties  of  compensated  accelerating  structures,  the  effect  of 
distortions  in  accelerating  field  distribution  due  to  RF  losses  in 
surface  and  for  beam  acceleration  is  considered.  Basing  on  the 
RF  power  balance,  simple  analytical  expressions  for  evaluation 
of  attenuation  constant  and  estimation  of  RF  parameters  of  the 
structure  are  obtained. 

Consideration  shows,  that  for  proton  linacs  of  ’meson  facil¬ 
ity’  type  this  effect  is  not  important  for  all  accelerating  structures 
known.  When  beam  current  is  several  hundred  mA,  in  the  struc¬ 
ture  with  small  group  velocity  //?p  «  0.04 )  significant  dis¬ 
tortions  will  arise  and  efficiency  of  the  structure  for  beam  accel¬ 
eration  will  drop.  It  will  need  special  care  in  the  design  of  the 
structure. 

REFERENCES 

1.  Linear  accelerators  /Ed.  P.M.Lapostolle  and  A.L.  Septier.- 
Ams,:  North-HollandPubl.  Co.,  1970. 

2.  M.  Bell,  Particle  Accelerators,  v.8,  n.  2,  p.  71, 1978 

3.  G.R  Lawrence,  Proc.  of  the  1994  EPAC,  v.l,  p.236, 1995 

4.  LM.  Kapchinskiy  et  al.  Proc.  of  the  1993  IEEE  PAC,  v.3, 
p.1675, 1994 


1704 


The  Indiana  University  Cooler  Injector  Synchrotron  Rf  System* 


A.  Pei,  M.  Ellison,  D.  Friesel,  D.  Jenner,  X.  Kang,  S.Y.  Lee,  D.  Li,  J.  Liu,  A.  Riabko,  L.  Wang 
Indiana  University  Cyclotron  Facility,  Indiana  University,  Bloomington,  IN  47405  USA 
K.  Hedblom,  Department  of  Radiation  Sciences,  Box  535,  S-75121  Uppsala 


Abstract 

A  2.2  Tesla-meter  synchrotron  with  17.4  m 
circumference  is  being  built  at  the  Indiana  University 
Cyclotron  Facility  (lUCF).  The  purpose  of  the  project  is  to 
achieve  higher  lunainosity  for  nuclear  physics  experiments 
using  electron  cooled  polarized  light  ion  beams  in  the  lUCF 
Cooler  synchrotron.  The  injection  line  for  the  booster 
synchrotron  consists  of  an  RFQ/DTL  linear  accelerator 
delivering  a  7  MeV  proton  beam  and  a  6  MeV  deuteron  beam 
for  the  booster  injection.  A  debunching  system  will  be  installed 
in  the  injection  beamline  to  reduce  the  energy  spread  of  beams 
out  of  the  linear  accelerators.  Charge-exchange  injection  is 
used  for  high  intensity  multitum  beam  accumulation.  The 
booster  output  beams,  200  MeV  for  protons  and  105  MeV  for 
deuterons,  will  be  transferred  bucket  to  bucket  to  the  lUCF 
Cooler  synchrotron.  The  rf  system  design  for  the  booster 
synchrotron  is  presented  in  this  paper. 

L  INTRODUCTION 

The  design  of  the  rf  system  needs  to  support  the  spin- 
transparent  booster  synchrotron  operation  which  is  described 
as  follows. 

The  beams  from  a  high  intensity  polarized  ion  source 
are  preaccelerated  by  an  industrial  RFQ/DTL  system  to  a 
proton  energy  of  7  MeV  or  a  deuteron  energy  of  6  MeV.  The 
beam  from  the  preaccelerator  is  then  debunched  to  reduce  the 
energy  spread.  Once  the  stripping  injection  beam  accumulation 
is  finished,  the  booster  rf  system  will  adiabatically  capture  the 
beam  in  the  h=\  bucket.  Acceleration  follows  and  lasts  about 
0.6  sec.  Higher  cycling  rates  up  to  5  Hz  are  included  in  the  rf 
system  design  for  possible  future  upgrades.  At  the  top  energy 
of  the  booster  synchrotron,  the  beam  phase  is  aligned  with  the 
rf  phase  of  the  lUCF  Cooler  Synchrotron.  A  fast  kicker 
extracts  the  beam  from  the  booster  for  bucket-to-bucket 
transfer  into  the  Cooler. 


*Work  supported  in  part  by  NSF  Grant  No.  PHY-92-21402, 
PHY-93-14783  and  PHY-23-42310. 


The  booster  is  designed  to  achieve  an  intensity  of 
2.5x10^®  particles.  The  of  the  ring  is  1.271  and  the 
synchrotron  will  operate  below  y. 

IT  DEBUNCHING  SYSTEM 

The  beam  out  of  the  RFQ/DTL  system  has  a  tight 
time  structure  with  a  width  <  0.2  ns.  The  energy  spread  is 
significant  at  AE<E  =  ±1  %.  Such  an  energy  spread  would  dilute 
the  longitudinal  phase  space  and  exceed  the  energy  acceptance 
of  the  lUCF  Cooler  [1].  A  debuncher  is  therefore  designed  for 
the  injection  beamline  to  reduce  the  energy  spread. 

The  debuncher  operates  at  a  frequency  of  425  MHz, 
the  same  frequency  of  the  beam  bunches  delivered  by  the 
RFQ/DTL  preaccelerator. 

A  drift  distance  of  2  meters  is  chosen  to  tilt  the  beam 
in  the  longitudinal  phase  space  —  with  the  higher  momentum 
particles  leading  the  lower  momentum  particles  linearly  in 
time.  With  such  a  short  drifting,  the  beam  time  spread  will  be 
within  the  linear  region  of  the  425  MHz  debunching  rf 
sinusoidal  wave  and  debunching  can  be  highly  efficient. 
However,  to  match  the  energy  versus  time  slope  of  the  drifted 
beam,  the  debunching  cavity  must  operate  at  80  to  100  kV. 

Because  of  the  beam  velocity  and  the  high  rf 
frequency,  the  transit  factor  can  drastically  lower  the  voltage 
the  beam  sees  when  crossing  the  cavity.  Two  measures  are 
taken  to  bring  the  transient  factor  as  close  to  unity  as  possible: 
the  debunching  cavity  rf  gap  distance  is  designed  at  1 
centimeter;  the  diameter  of  the  beam  pipe  leading  to  the  gap 
is  also  limited  to  1  centimeter  to  concentrate  the  longitudinal 
component  of  the  rf  field  near  the  rf  gap.  At  425  MHz,  the 
field  strength  of  such  an  rf  cavity  is  approximately  half  the 
classical  Kilpatrick  limit.  Proper  surface  processing  and  good 
vacuum  pumping  is  important  to  prevent  sparking. 

The  debunching  cavity  will  be  driven  by  a  planar 
triode  amplifier  manufactured  by  the  AccSys  Technology  Inc. 
About  20  kW  of  rf  power  will  be  delivered  to  the  cavity  in 
300  ps  pulses. 

To  achieve  efficient  debunching,  it  is  essential  that  the 
debunching  cavity  rf  be  precisely  phase-locked  to  the  beam. 
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This  will  be  accomplished  by  a  phase  feedback  loop  controlled 
by  the  debunching  system’s  low  level  rf  electronics.  Because 
the  cavity  time  constant  is  significant  compared  with  the  rf 
pulse  width,  as  indicated  by  the  cavity  induced  pole  in  the 
system  transfer  function: 


CO 

an  appropriate  zero  will  be  introduced  in  the  system  transfer 
function  to  offset  the  cavity  effect. 

The  debunching  cavity  rf  amplitude  is  also  regulated 
by  a  fast  feedback  loop.  A  slower,  discrete  loop  will  adjust  a 
mechanical  plunger  inserted  in  the  cavity  to  correct  drift  of  the 
cavity  resonating  fi*equency. 

IIL  BOOSTER  RING  RF  SYSTEM 

During  injection,  the  rf  cavity  in  the  booster 
synchrotron  is  turned  off.  The  debunched  beam,  with  an 
energy  spread  less  than  ±0.2  %,  will  coast  and  increase  in 
intensity  due  to  stripping  injection  accumulation.  When 
stripping  accumulation  reaches  an  equilibrium  due  to  emittance 
growth,  the  beam  is  bumped  off  the  stripping  foil  and  the 
injection  stops.  The  rf  cavity  is  then  turned  on,  capturing  the 
beam  adiabatically  with  an  h=l  bucket  at  the  center  of  beam 
energy  distribution.  Computer  simulations  showed  that  a  linear 
rf  tum-on  longer  than  a  couple  of  synchrotron  oscillation 
periods  of  the  final  rf  bucket  is  adiabatic  enough  to  capture 
almost  all  the  beam  [2]. 

The  beam  motion  inside  an  rf  bucket  is  inherently 
undamped,  given  by  the  following  differential  equation  for 
small  amplitudes: 


X  +  w\x  =  f  ( t)  (2) 

where  x  can  be  either  time  or  energy  error  with  respect  to  that 
of  the  synchronous  particle  the  external  driving  force. 

The  driving  term  on  the  right  hand  side  of  the 
equation  consists  of  rf  parameter  and  guiding  magnetic  field 
fluctuations  and  causes  undamped  synchrotron  oscillation.  The 
oscillation  in  the  longitudinal  phase  space  is  also  coupled  to 
the  transverse  phase  space,  affecting  the  radial  position  of  the 
beam.  To  provide  damping  of  synchrotron  oscillations,  the 
driving  term  in  Eq.2  needs  to  contain  a  term  proportional  to 
the  first  time  derivative  of  jc. 

In  practice,  the  above  damping  concept  is  realized  by 
beam  feedback  control.  The  error  signal  caused  by  synchrotron 
motion  is  detected  and  phase-shifted  90  degrees.  The  processed 


error  signal  is  then  fed  back  to  the  rf  cavity  with  a  net 
differential  operation  as  a  part  of  the  rf  drive. 

Several  different  approaches  are  used  in  modem 
hadron  machines.  DC-coupled  VCO  beam  phase  feedback  with 
radial  compensation  [3]  is  chosen  for  our  system. 

In  this  scheme  beam  phase  is  compared  with  the  rf 
cavity  phase.  The  resulting  error  is  used  to  drive  a  VCO  that 
generates  the  rf  cavity  signal.  Because  of  the  derivative 
relation  between  phase  and  frequency  modulations,  the  VCO 
introduces  a  90  degree  phase  shift  that  corresponds  to  a 
damping  first  derivative  term  of  the  phase  error.  Transfer 
functions  of  other  electronic  devices  in  the  feedback  path,  such 
as  that  of  the  rf  cavity,  are  compensated  by  introducing 
classical  feedback  algorithms  at  various  points  of  the  loop  to 
achieve  the  necessary  overall  transfer  function. 

Such  a  DC-coupled  VCO  controlled  phase  loop  is  not 
stable  by  itself.  Because  the  rf  frequency  is  beam  controlled, 
the  beam  can  accelerate  or  decelerate  itself  out  of  the  aperture. 
An  additional  radial  loop  is  used  to  center  the  beam  radially. 

It  can  be  shown  that  for  sufficiently  large  phase  loop 
gain,  the  response  of  the  phase  loop  is  that  of  an  integrator  [3]: 

^  s  (3) 

6f^  GpS 


where  6/^  is  the  beam  frequency  change,  bf,  the  rf  frequency 
change  and  the  total  phase  loop  gain. 

The  radial  loop  is  realized  by  measuring  the  deviation 
of  particles  from  the  ideal  closed  orbit  and  using  the  error  to 
control  the  VCO  frequency.  It  is  equivalent  to  measuring  5/^ 
since  the  orbit  deviation  is  caused  by  beam  energy  error. 

Since  the  phase  loop  transfer  function  is  treated  as  a 
gain  block  in  the  forward  path  of  the  radial  loop,  the  overall 
response  is: 


^  - 


(4) 


where  G^  is  the  gain  of  the  radial  loop  with  frequency  to  radial 
error  conversion  factor  taken  into  account.  The  overall  transfer 
function  is  thus  that  of  a  first  order  low  pass  response,  with  a 
time  constant  of: 


r 


r 


(5) 


This  time  constant  can  be  set  much  lower  than  the 
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synchrotron  oscillation  frequency  co^.  Rf  and  guiding  magnetic 
field  noise  will  be  heavily  filtered.  The  beam  will  only  move 
adiabatically  at  frequencies  much  slower  than  co^  [3]. 

Eq.5  also  shows  that  with  judicial  selection  of  phase 
and  radial  loop  gains,  the  beam  is  essentially  self  centering  in 
the  closed  orbit  with  little  error. 

Although  the  cavity  impedance  is  relatively  low  at  the 
order  of  1  kQ,  the  overall  cavity  voltage  is  also  low  and  the 
beam  intensity  induced  voltage  will  significantly  affect  the  rf 
phase.  Fast  local  feedback  around  the  rf  amplifier  will  be  used 
to  compensate  the  beam  loading  effect. 

IV.  SYSTEM  IMPLEMENTATION 

The  rf  system  will  consist  of  a  single  ferrite-bias- 
tuned  cavity  capable  of  a  wide  tuning  range,  driven  by  a  300 
Watt  solid  state  amplifier  and  tuned  by  a  20  Ampere  bias 
supply  [4]  [5]. 

The  low  level  signal  processing  will  use  an 
upconverting  superheterodyne  scheme,  with  the  intermediate 
frequency  (IF)  chosen  at  10.7  MHz  to  take  advantage  of 
inexpensive  consumer  FM  receiver  filters.  Preprogrammed 
local  oscillator  sweep  is  chosen  for  acceleration.  A  nominal 
10.7  MHz  VCO  will  operate  within  the  bandwidth  of  IF  filters 
to  provide  precise  frequency  and  phase  control. 

The  beam  phase  signal  will  be  picked  up  by  the  sum 
signal  of  a  beam  position  monitor  of  sufficient  bandwidth.  The 
radial  error  of  the  beam  will  be  obtained  from  the  averaged 
difference  signals  of  two  beam  position  monitors  half  a 
betatron  period  apart  to  compensate  closed  orbit  errors. 

Standard  analog  PID  processing  techniques  will  be 
employed  to  control  rf  cavity  amplitude  and  rf  tuning.  The  rf 
voltage  during  acceleration  will  be  programmed  to  provide  the 
correct  phase  space  area  for  varying  synchronous  phase  angles. 
The  change  of  synchronous  phase  angle  during  acceleration 
will  be  adiabatic.  This  approach  makes  the  control  of 
acceleration  synchronous  angles  extremely  simple  [6]. 

Although  the  rf  system  frequency  and  phase  controls 
are  beam  feedback  based,  the  rf  system  must  also  be  able  to 
provide  precise  phase  and  frequency  control  with  other 
reference  sources.  During  injection  and  extraction,  the  beam 
phase  control  must  be  relinquished  to  the  RFQ/DTL 
accelerator  and  the  Cooler  synchrotron  rf.  The  transition 
between  the  reference  sources  needs  to  be  adiabatic  with 
respect  to  the  beam  longitudinal  motions. 

Fig.l  is  a  simplified  block  diagram  of  the  booster 
synchrotron  rf  system. 


beam  position 

rf  cavity  pickup 


Figure  1.  Principle  block  diagram  of  the  lUCF  CIS  rf  system. 
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Abstract 

A  small  2.2  Tesla-meter  booster  synchrotron  is  under 
construction  at  the  Indiana  University  Cyclotron  Facility  to 
boost  polarized  beam  performance  in  the  electron  cooled 
Indiana  University  Cooler  Synchrotron.  Polarized  light  proton 
or  deuteron  beam  jfrom  a  high  intensity  polarized  ion  source 
will  be  preaccelerated  to  7  and  6  MeV  respectively  by  an 
RFQ/DTL  accelerator.  The  beams  are  then  debunched  to 
reduce  the  energy  spread  and  strip-injected  into  the  booster 
synchrotron.  The  booster  rf  system  must  accomplish  the  tasks 
of  beam  capture  and  acceleration.  At  the  end  of  the 
acceleration  cycle,  the  beam  phase  needs  to  be  aligned  to  the 
Cooler  synchrotron  rf  for  bucket-to-bucket  beam  transfer.  A 
single  rf  cavity  in  the  ring  will  provide  the  necessary  rf  field 
to  accomplish  the  above  tasks. 

L  INTRODUCTION 

A  ferrite-bias-tuned  cavity  is  designed  to  provide  the 
rf  field  of  the  room  sized  synchrotron.  The  cavity  needs  to  be 
compact  and  capable  of  operating  in  a  very  wide  fi:equency 
range  to  accelerate  the  low  energy  ion  beams.  The  biasing 
scheme  produces  sufficient  bias  field  with  a  compact  power 
supply  and  is  capable  of  compensating  driving  port  impedance 
variations  over  a  wide  frequency  range. 

11.  CAVITY  DESIGN 

The  rf  system  will  be  operating  at  the  h=\  harmonic 
number,  which  corresponds  to  a  frequency  range  of  1.2  to  10 
MHz  in  the  17.4  m  circumference  ring  with  the  required  beam 
types  and  energies. 

While  the  energy  spread  of  the  beam  out  of  the 
RFQ/DTL  is  ±1%,  a  debunching  rf  cavity  in  the  injection 
beamline  will  reduce  the  beam  energy  spread  to  less  than 
±0.2%.  The  stripping  injection  will  let  the  beam  coast  and  fill 
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the  entire  ring.  The  longitudinal  beam  emittance  will  be  about 
0.014  eV  upon  the  end  of  stripping  injection  and  start  of  rf 
capture.  While  such  a  phase  space  area  can  be  provided  by  less 
than  100  V  of  cavity  voltage,  the  cavity  needs  to  be  able  to 
run  at  higher  voltages  to  keep  the  beam  inside  the  reduced 
moving  bucket  during  acceleration. 

During  the  initial  design  reviews  when  the  booster 
output  energy  for  protons  was  set  at  80  MeV,  a  wide  band 
cavity  with  50  Q  resistive  gap  termination  was  considered. 
Such  a  structure  has  the  obvious  advantage  of  construction  and 
operation  simplicity.  A  tuned  cavity,  however,  has  a  much 
higher  gap  impedance  and  lowers  the  rf  drive  power 
requirement  substantially.  At  the  respecified  proton  output 
energy  of  200  MeV,  the  voltage  requirement  can  be  more 
easily  attained  by  a  tuned  cavity.  In  addition,  in  the  event  of 
temporary  outage  of  the  debunching  rf  system,  the  booster  can 
still  be  kept  operational  by  increasing  cavity  rf  voltage.  A 
tuned  cavity  design  is  thus  chosen  and  specified  for  500  V 
operation.  A  300  Watt  solid  state  amplifier  will  be  used  to 
drive  the  cavity  with  sufficient  reserve  power. 

The  tuning  of  the  cavity  uses  an  external  quadrupole 
magnet  biasing  scheme  originated  in  the  Max  Planck  Institute 
[1].  A  cavity  of  this  type  has  been  in  use  in  the  lUCF  Cooler 
synchrotron  for  the  past  few  years  [2]  [3]. 

In  this  biasing  method,  a  quadrupole  biasing  magnet 
and  its  coils  are  built  completely  outside  a  coaxial  cavity  and 
do  not  see  the  rf  fields.  The  rf  cavity  can  be  built  in  a 
straightforward  fashion  without  concerns  of  disturbances 
caused  by  biasing  elements.  The  quadrupole  DC  magnetic 
fluxes,  on  the  other  hand,  penetrate  the  copper  outer  conductor 
of  the  cavity,  providing  biasing  field  to  the  ferrite  rings  inside. 
The  symmetry  of  the  quadrupole  field  provides  cancellation  of 
biasing  field  at  the  cavity  axis,  minimizing  magnetic 
disturbance  to  the  beam.  In  addition,  any  remnant  biasing  field 
slightly  off  the  center  are  shunted  by  the  ferrite  rings  which 
have  a  relatively  high  permeability. 

Fig.l  is  an  illustration  of  the  ferrite  biasing  technique. 

The  biasing  field  is  predominantly  parallel  with  the  rf 
field  in  the  coaxial  structure  so  the  effective  rf  permeability  is 
determined  by  dB/dH  [4],  with  minimum  permeability  achieved 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1708 


near  the  saturation  field  of  the  ferrite. 

The  ferrite  rings  used  saturate  at  about  2700  gauss. 
Assuming  an  overall  air  gap  of  0.4  cm  between  the  ferrite 

quadrupole 
biasing  magnet 


X 


Figure  1.  Ferrite  ring  biasing  by  external  quadrupole  magnet. 

rings  and  biasing  quadrupole  magnet  tips,  the  magnetomotive 
force  (mmf)  to  drive  the  ferrite  near  saturation  can  be 
estimated  by: 


(1) 

0.27  T  X  0.004  m 

47i:x10-'^  H/m 
^  860  amp-turns 

In  practice,  the  mmf  will  be  achieved  by  50  turns  of 
windings  on  each  quadrupole  magnet  tip  driven  at  20  A.  This 
current  is  modest  and  a  small  commercial  variable  power 
supply  can  be  used. 

In  this  type  of  cavities,  ferrite  loss  is  by  far  dominant 
and  determines  the  gap  resonant  resistance.  The  ferrite  loss, 
represented  by  the  imaginary  part  of  ferrite  permeability,  is 
heavily  frequency  dependent  and  also  varies  with  biasing.  Fig.2 
is  a  plot  of  the  gap  resonant  resistance  of  an  lUCF  Cooler  rf 
cavity  built  with  the  same  ferrite  materials  to  be  used. 

To  transfer  power  efficiently  from  the  amplifier  to  the 
cavity,  it  is  important  that  the  driving  port  of  the  cavity 
presents  a  fixed  impedance  matching  that  of  the  feed 
transmission  line  at  all  frequencies. 

The  driving  port  is  directly  tapped  to  the  center 
conductor  of  the  cavity,  forming  a  loop  enclosing  the  rf 
magnetic  fluxes  at  the  bottom  of  the  coaxial  cavity.  Its 


impedance  will  normally  vary  widely  with  the  cavity  gap 
impedance. 

For  a  cavity  with  heavy  capacitive  loading,  the 
electrical  length  of  the  cavity  is  much  shorter  than  a  quarter 
wave  length.  Because  the  standing  wave  amplitude  along  a 
coaxial  cavity  axis  is  sine  like  and  the  current  amplitude  is 


C=e80  pF  f~I  f-Rg 
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Figure  2.  Frequency  dependence  of  lUCF  Cooler  MPI  cavity 
resonant  gap  resistance  R^.  I  is  the  bias  supply  current. 

cosine  like,  the  voltage  distribution  is  almost  linear  and  the 
magnetic  field  is  approximately  uniform  along  the  axis.  Since 
the  power  delivered  to  the  driving  port  equals  to  the  power 
dissipated  on  the  gap  resistance  at  resonance,  the  driving  loop 
will  see  a  transformed  resistance  of  : 

i?  =  i?„  (-^)2  (2) 

where  and  are  gap  resistance  and  voltage,  R  and  V  are 
resistance  and  voltage  at  the  driving  port. 

Because  of  the  approximate  linear  voltage  distribution 
along  the  cavity  axis,  a  tap  to  the  center  conductor  has  a  fixed 
V>V„  ratio.  The  driving  port  impedance  therefore  is  equal  to  the 
gap  impedance  multiplied  by  a  constant  fraction.  When  the 
resonant  gap  resistance  changes  due  to  frequency  dependent 
ferrite  losses,  the  driving  port  resistance  changes  accordingly. 

Since  the  cavity  sweeps  across  the  whole  operating 
range  in  a  fraction  of  a  second,  it  is  impractical  to 
mechanically  adjust  the  tap  position. 

We  therefore  attempt  to  change  the  V/l^  ratio 
electronically.  The  voltage  at  the  driving  port  and  at  the  gap 
can  be  expressed  by: 

v^f^.ds.  V^.f^.dSd) 

where  s  and  are  the  rf  magnetic  field  areas  enclosed  by  the 
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driving  loop  and  the  entire  cavity  respectively. 

Because  the  axial  current  distribution  is  approximately 
uniform,  we  have  an  approximately  uniform  H  field  axially.  It 
is  only  a  function  of  radius,  decreasing  with  the  inverse  of 
radius  according  to  Ampere’s  Law.  If  the  ferrite  permeability 
does  not  change  axially,  integration  of  Eq.3  yields  a  driving 
port  resonant  resistance  of: 

R  =  RJ  —  )^  (4) 

which  changes  with  the  gap  resonant  resistance  R^. 

If  we  manage  to  make  the  permeability  of  ferrite  rings 
enclosed  by  the  driving  loop  different  from  those  in  the  rest  of 
the  cavity,  VA^o  no  longer  depends  on  s/s^  only.  Instead,  the 
integration  of  Eq.3  yields: 

R  =  (^)2  (5) 

<fl> 

where  <4X>  is  the  average  permeability  of  ferrite  rings  of  the 
entire  cavity  and  the  average  permeability  of  ferrite  rings 
enclosed  by  the  driving  loop. 

The  V/V^  ratio  can  therefore  be  changed  by  non- 
uniform  axial  biasing.  The  ferrite  rings  enclosed  by  the  driving 
loop  have  adjustable  bias  strength  independent  of  that  for  the 
rest  of  the  cavity.  This  can  be  realized  by  adding  trim  coils  to 
the  quadrupole  magnet  section  that  biases  the  ferrite  rings 
enclosed  by  the  driving  loop.  The  current  flowing  through  the 
trim  coils  will  have  a  large  effect  on  the  driving  port 
impedance  but  a  small  effect  on  the  overall  cavity  tuning.  The 
trim  coil  current  is  pre-programmed  as  a  function  of  frequency 
while  the  main  coil  current  is  controlled  by  the  automatic 
tuning  servo  loop. 

III.  CONSTRUCTION 

Fig. 3  is  a  sketch  of  the  cavity  to  be  constructed.  The 
ferrite  rings  are  made  of  Phillips  8C12  material.  It  has  an 
initial  relative  permeability  of  about  800  and  saturates  at  a 
field  of  2700  gauss.  The  ferrite  rings  have  an  inner  diameter 
of  270  mm  and  outer  diameter  of  498  mm,  with  a  thickness  of 
25  mm.  The  cross  section  of  the  cavity  will  be  filled  with 
ferrite,  therefore  the  inner  conductor  and  outer  conductor  of  the 
coaxial  cavity  dimensions  are  about  the  same  as  those  of  the 
ferrite  rings. 

Five  ferrite  rings  will  be  used.  Between  the  ferrite 
rings,  20  mm  spacings  provide  passage  for  forced  air  cooling. 
Both  the  inner  and  outer  conductors  of  the  coaxial  cavity  will 


have  longitudinal  slots  for  air  passage. 

A  2000  pf  variable  vacuum  capacitor  is  loaded  across 
the  cavity  gap  to  achieve  resonance  and  provide  flexibility  of 
variable  frequency  bands. 


magnet  section  with 
Impedance  compensation  trim  colls 


Figure  3.  lUCF  Cooler  Booster  Synchrotron  rf  cavity. 
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Determination  of  Resonant  Frequency  and  External  Q  Values  for  the  BESSY  II 

HOM-Damped  Cavity 

Frank  Schonfeld*  and  Bengt  Littmann,  TU  Berlin,  EN2,  Einsteinufer  17, 10587  Berlin 


Abstract 

Damping  of  higher  order  cavity  modes  (HOM’s)  is  one  way  to  in¬ 
crease  the  intensity  thresholds  for  multibunch  instabilities  in  B- 
factories  and  state  of  the  art  synchrotron  radiatron  sources.  Fol¬ 
lowing  the  idea  of  Conciauro-Arcioni  [1]  one  of  the  simplest  ge¬ 
ometries  is  the  threefold-symmetry  cavity-waveguide  structure 
with  a  broadband  absorber  terminating  the  end  of  every  guide. 
The  iris  coupling  between  the  cavity  and  the  waveguide  has  to 
be  designed  so  that  the  fundamental  cavity-mode  remains  nearly 
unperturbed.  The  values  of  the  external  Q  und  the  shift  resonant 
frequencies  due  to  the  waveguide  loads  is  determined  and  tested 
by  known  methods  with  MAFIA. 

I.  INTRODUCTION 

BESSY  II  is  a  1.7  GeV  third  generation  electron  storage  ring 
with  16  straight  sections  to  produce  highly  brillant  synchrotron 
radiation  beams  in  the  spectral  range  of  soft  x-ray  and  vacuum  ul¬ 
traviolet.  One  of  the  design  goals  is  a  low  emittance  of  6  nm  rad 
and  a  maximum  beam  current  of  200  mA  [2],  [3].  Therefore 
it  is  necessary  to  reduce  all  effects  which  potentially  spoil  the 
brilliance  of  the  radiation  beam.  Especially  in  RF  accelerating 
cavities,  the  beam  induces  parasitic  resonant  fields  which  can 
lead  to  coherent  multibunch  oscillation  which  results  in  less  bril¬ 
liance.  A  possible  way  to  suppress  the  cavity  higher  order  modes 
(HOM’s),  is  to  mount  external  waveguides  on  the  cavities,  and 
couple  strongly  to  the  most  dangerous  modes.  By  terminating 
the  end  of  each  waveguide  with  broadband  absorbers  the  HOM’s 
are  damped  at  a  rate  depending  on  the  coupling.  The  accelerat¬ 
ing  mode  is  rejected  and  remains  undamped  (if  the  bigger  surface 
is  not  accounted  for).  A  low  power  prototype  cavity  has  been 
built  at  BESSY  II  (threefold-symmetry  cavity  waveguide  struc¬ 
ture,  Fig,  1).  For  this  preliminary  investigation  the  cavity  has  a 
pill-box  shape  with  three  circular  waveguides,  distributed  on  the 
cavity  coat,  120  degrees  apart.  In  order  to  optimize  the  design  of 
the  waveguide  loaded  cavity,  one  has  to  know  the  values  of  the 
external  Q  and  the  shift  resonant  frequency  due  to  the  waveguide 
loads.  These  are  readily  determined  by  the  method  of  Kroll-Yu 
[4],  with  fi:equencies  computed  by  the  MAFIA  code  [5]. 

IT  NUMERICAL  COMPUTATIONS  OF 
Q-VALUES 

For  the  numerical  calculation  of  the  BESSY  II  HOM-Damped 
Cavity  resonance  frequency  and  external  Q,  we  have  employed 
the  method  developed  by  Kroll  and  Yu.  We  will  not  elaborate 
on  the  method  itself,  rather  share  some  general  views  on  the 
method.  For  further  details,  consult  [4]. 

Computing  Qert  by  numerical  means  is  indeed  no  trivial  task, 
since  an  infinitely  long  waveguide  would  result  in  an  infinite 

♦BESSY  GmbH,  12489  Berlin 
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Prototyp  Cavity  0462 


Figure  1 .  Prototype  BESSY  II  cavity 


mesh.  Note:  waveguide  boundaries  are  unknown  in  frequency 
domain.  With  the  Kroll-Yu  method,  a  short  is  inserted  into  the 
waveguide,  which  first  of  all  makes  the  mesh  size  finite.  Then, 
resonance  frequency  shifts  are  utilized,  that  occur  as  the  short 
position  is  varied.  More  volume  always  decreases  resonant  fre¬ 
quency,  but  the  slope  varies,  depending  on  field  strength  at  the 
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Figure  2.  of  the  dipole  mode  and  Qcond  of  the  monopole  Figure  3.  Frequency  of  the  dipole  mode  and  the  monopole  mode 

mode  versus  iris  radius.  Conductivity  is  58  •  10®  l/(f2m).  versus  iris  radius.  Conductivity  is  58  •  10®  l/(f2m). 


location  of  change  in  geometry.  Thus,  the  magnitude  of  the  shift 
in  resonance  frequency  can  be  related  to  the  field  strength  in  the 
waveguide,  which  again  can  be  related  to  the  external  Q  of  the 
cavity.  We  have  found  the  method  to  be  easy  to  apply. 

However,  to  calculate  Qexty  frequency  differences  are  used, 
which  leads  to  the  following  considerations.  Significant  digits 
are  lost  when  both  frequencies  are  close  to  one  another.  By  in¬ 
creasing  the  distance  between  short  positions  we  may  enlarge 
the  frequency  shift.  However,  the  wave  nature  of  the  waveguide 
field  maps  frequencies  onto  one  another,  which  stem  from  short 
positions  separated  by  nXg.  Thus,  short  positions  separated  by 
more  than  Xg  will  not  improve  the  situation.  Indeed,  for  each  re¬ 
quired  additional  significant  Qe^t-digit  roughly  one  significant 
digit  in  the  frequency  difference  is  lost.  We  employed  MAFIA  to 
model  our  cavity  (Fig.  4  and  5).  We  recognize,  that  a  frequency 
solution  from  MAFIA  is  typically  accurate  to  about  three  dig¬ 
its  and  relative  frequency  to  four  digits.  Thus  Qeart-values  of  up 
to  1000-2000  can  be  computed  with  an  accuracy  of  at  least  one 
significant  digit.  Attempts  to  compute  a  Qeart  >  2000  will  fail. 
Fortunately,  one  is  mostly  interested  in  Q’s  in  the  range  of  tens 
to  some  few  hundreds. 

Fig.  2  summarizes  our  results,  with  both  Qe^^t  of  the  first 
dipole  mode  and  Qcond  for  the  trapped  accelerating  mode 
shown.  Qcond  of  the  monopole  mode  was  computed  assuming 
the  metal  to  be  copper.  Fig.  2  provides  the  design  arguments, 
where  a  certain  Qext  for  the  dipole  mode  has  to  be  reached  to 
achieve  the  design  emittance  of  6  nm  rad  at  200  mA  current.  At 
the  same  time  the  effects  on  the  accelerating  mode  Qcond  may 
be  observed.  An  iris  radius  of  8  cm  would  certainly  satisfy  our 
needs  (Qdip  =  130  and  losses  in  Qmono  below  5  %),  However, 
we  will  investigate  further  HOM’s  before  we  make  a  decision. 

Fig.  3  shows  frequency  shifts  due  to  the  iris  coupling.  As  soon 
as  some  iris  radius  is  chosen  on  the  above  mentioned  grounds, 
the  cavity  radius  has  to  be  adapted,  to  keep  the  accelerating  mode 
resonance  frequency  at  its  design  value. 


III.  OUTLOOK 

We  will  engage  in  investigations  on  further  HOM's  in  due 
course,  employing  the  Kroll-Yu  method.  Decision  on  the  final 
iris  size  will  be  based  on  results  from  these  investigations,  A  test 
model  will  be  installed  and  measured  to  verify  theoretical  results. 
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Figure  5.  MAFIA  mesh  (500  000  mesh  points)  and  electric  field  of  the  BESSY  II  cavity  and  the  first  dipole  mode. 
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106  MHZ  CAVITY  FOR  IMPROVING  COALESCING  EFFICIENCY  IN  THE 

FERMILAB  MAIN  RING 

J.  Dey,  I.  Kourbanis,  D.  Wildman,  Fermi  National  Accelerator  Laboratory*,  P.O  Box  500,  Batavia, 

IL.  60510,  USA 


Abstract 

In  Fermilab’s  Main  Ring  a  fast  coalescing  scheme 
called  ’’Snap”  coalescing[l]  has  replaced  the  slower 
adiabatic  coalescing.  In  Snap  coalescing  the  adiabatic 
voltage  reduction  to  reduce  the  dp/p  of  the  bunch  has  been 
replaced  with  a  quarter  of  a  synchrotron  period  rotation  in  a 
53-MHz  bucket.  A  106  MHz  second  harmonic  cavity  has 
been  constructed  to  help  linearize  the  53  MHz  rotation  and 
reduced  the  minimum  achievable  dp/p.  The  effect  of  the 
second  harmonic  cavity  on  the  53  MHz  rotation  and  the 
coalescing  efficiency  will  be  described. 

L  ESME[2]  SIMULATIONS 

A  series  of  ESME  simulations  were  done  to  determine 
the  effect  of  a  second  harmonic  voltage  during  the  53  MHz 
rotation  in  Snap  coalescing.  We  started  with  a  0.25  eV-sec 
bunch  matched  to  a  1  MV,  53  MHz  bucket.  Then  we 
snapped  the  voltage  down  to  60  KV  (such  that  the  bucket 
height  equaled  the  bunch  height).  Then  the  bunch  was  left 
to  rotate  for  a  quarter  of  a  syncrotron  period  first  without  a 
second  harmonic  and  second  with  different  percentages  of 
a  second  harmonic. 

From  the  simulations  we  found  that  a  small  percentage 
(20-25%)  of  a  second  harmonic  was  clearly  beneficial  in 
reducing  the  minimum  dp/p  achieved  in  the  rotation,  not 
only  because  the  second  harmonic  helped  linearize  the 
voltage  waveform  and  eliminated  most  of  the  tails,  but 
mainly  because  the  addition  of  the  second  harmonic 
reduced  the  slope  of  the  voltage  i.e.  the  effective 
syncrotron  period  of  the  small  amplitude  particles. 

In  Fig.  1  ESME  phase  space  and  6  projection  pictures 
of  the  0.25  eV-sec  bunch  at  the  end  of  the  53  MHz  rotation 
without  any  second  harmonic  are  shown.  In  Fig.  2  the  same 
ESME  pictures  are  shown  but  now  a  20%  second  harmonic 
has  been  added.  The  effect  of  the  second  harmonic  is  to 
more  evenly  distribute  particles  towards  the  edges  of  the 
bucket,  reducing  the  tails  and  the  dp/p  at  the  center  of  the 
distribution. 
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Figure  1 :  ESME  pictures  of  a  0.25  eV-sec  bunch  rotated  for 
a  quarter  of  a  period  in  a  53  MHz  bucket  without  second 
harmonic.  Top:  Phase  space  picture.  Bottom:  0 projection 
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Figure  2:  ESME  pictures  of  a  0.25  eV-sec  bunch 
rotated  for  a  quarter  of  a  period  in  a  53  MHz  bucket  with 
20%  second  harmonic.  Top:  Phase  space  picture.  Bottom: 
6  projection. 


Af  of  21  KHz.  To  keep  the  temperature  of  the  cavity 
constant  the  cavity  is  water  cooled  with  95°  water. 


III.  EXPERIMENTAL  RESULTS 

A  picture  of  a  bunch  obtained  with  an  HP-54720A  8 
Gs/sec  scope  at  the  end  of  the  53  MHz  rotation  with  the 
106  MHz  cavity  off  andwith  20%  second  harmonic  is 
shown  in  Fig.  4.  The  beam  profiles  agree  with  the 
simulations.  The  rms.  spread  of  the  beam  profile  with  20% 
second  harmonic  is  15%  larger  than  the  rms.  spread  of  the 
beam  profile  without  second  harmonic. 

Since  in  coalescing  the  phase  spread  is  turned  into 
momentum  spread  and  vice  versa,  the  bunches  rotated  first 
with  20%  second  harmonic  had  a  narrower  phase  spread  at 
the  end  of  coalescing  by  25%,  indicating  that  the  dp/p  at 
the  rotation  with  a  second  harmonic  was  25%  smaller  than 
the  dp/p  achieved  without  a  second  harmonic. 
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IL  THE  106  MHZ  CAVITY 

The  second  harmonic  cavity  is  a  quarter  of  a 
wavelength  type  with  a  fixed  frequency  of  106.2  MHz 
made  out  of  OFHC  copper.  The  physical  dimensions  of  the 
cavity  are  shown  in  Fig.  3. 

The  design  of  the  cavity  minimizes  the  transient  beam 
loading  by  having  an  R/Q=9,  ten  times  smaller  than  the 
R/Q  of  the  regular  53  MHz  cavities.  The  shunt  impedance 
of  the  cavity  is  =  45kQ  ,  and  it  is  powered  by  a  5 
KW  solid  state  amplifier  for  a  variable  voltage  of  0-15  KV. 
The  cavity  has  a  Q  of  5100,  corresponding  to  a  bandwidth 
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Figure  4:  Beam  profiles  at  the  end  of  the  53  MHz  rotation. 
Top:  No  second  harmonic.  Bottom:  With  20%  second 
harmonic. 


IV.  CONCLUSION 

A  second  harmonic  (106  MHz)  cavity  has  helped  us  to 
reduce  the  minimum  dp/p  achieved  during  the  53  MHz 
rotation  in  Snap  coalescing  by  25%  and  increase  the  Snap 
coalescing  efficiency  by  10%. 
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Abstract 

In  this  paper  we  will  discuss  mainly  damped  structures  and  class 
them  into  three  types.  The  procedures  to  make  a  higher  order 
mode  (HOM)  coupler  design  have  been  given,  and  some  useful 
analytical  formulae,  which  can  be  used  to  determine  the  coupling 
apertures’  dimensions  and  the  equivalent  loaded  quality  factors, 
have  been  derived.  It  is  shown  that  few  couplers  to  dampe  a  de¬ 
tuned  structure  is  not  at  all  efficient. 
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L  Introduction 

For  the  linear  colliders  working  in  the  multibunch  mode  the 
long  range  Wakefields  have  to  be  properly  controlled  by  using 
detuned,  damped  or  damped  detuned  structures  depending  on  the 
concrete  machine  design  parameters.  In  this  paper  we  try  to  class 
damped  structures  into  three  types  and  to  make  a  detail  discus¬ 
sion  about  how  to  determine  the  coupling  aperture  dimension  of 
a  HOM  coupler  and  how  to  estimate  its  effect  on  the  damped 
HOM.  In  section  2,  the  first  type  damped  structure  is  discussed, 
where  each  cavity  is  damped  by  HOM  couplers.  In  section  3, 
the  second  type  damped  structure  is  defined  as  a  section  of  con¬ 
stant  impedance  structure  is  damped  by  a  HOM  coupler.  The  es¬ 
sential  difference  between  the  first  and  the  second  type  damped 
structures  is  demonstrated.  To  estimate  the  effect  of  this  HOM 
coupler  an  equivalent  quality  factor  has  been  introduced  and  for- 
mularized.  Finally,  in  section  4,  damped  detuned  structures  are 
discussed  and  it  is  shown  that  few  couplers  to  dampe  a  detuned 
structure  is  not  at  all  efficient. 


II.  The  First  Type  of  Damped  Structure 

We  consider  a  single  pill-box  resonant  rf  cavity  resonating  at  a 
resonant  mode,  for  example  the  TMi  lo  mode.  The  quality  factor 
corresponding  to  this  mode  is  Quo  If  this  cavity  is  loaded  with 
some  waveguides,  the  loaded  quality  factor  is  defined  as 


Ql,iio  — 


Qo,110 

1  +  f^N, no 


(1) 


where  is  called  the  coupling  coefficient  between  waveg¬ 

uides  and  the  resonant  cavity  corresponding  to  the  TMno  mode. 
Where  the  subscript  A  denotes  the  number  of  the  waveguides.  If 
the  cavity  is  loaded  with  four  waveguides  distributed  uniformly 
around  the  cavity’s  cylindrical  surface,  from  the  general  expres¬ 
sion  derived  in  refs.  [1]  and  [2]  one  finds  that  /?4,uo  is  TMno 
mode  polarization  independent  and  can  be  expressed  analytically 
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Figure.  1,  Constant  impedance  accelerating  structure 


as 

_  i)2ABRR,,no(R  +  k)Ji(un) 

(2) 

where  k  =  2x/Ano,  kio  =  A;(l  —  (Aiio/24)^)^'^^,  ««  = 
(27r/Aiio)((Aiio/2/)2  -  Rs,no  =  (Trc/io/o-Auo)^''^,  Po 
is  the  magnetic  permeability  and  cr  is  the  electric  conductivity,  A 
and  B  are  the  width  and  the  height  of  HOM  waveguides,  /  and 
w  are  the  width  and  the  height  of  the  four  rectangular  coupling 
slots  with  /  parallel  to  the  magnetic  field,  and  t  is  the  wall  thick¬ 
ness  between  cavity  inner  surface  and  waveguide.  Now,  if  many 
of  this  kind  of  waveguide  loaded  cavities  are  coupled  together, 
one  obtains  the  first  kind  of  damped  accelerating  structure  under 
the  condition  that  the  fundamental  mode  is  not  damped.  For  the 
TMii  mode  passband  one  can  say  that  the  loaded  Q  is  almost 
If  KkQL, no  <  2  there  will  be  no  coupling  between 
cavities  for  the  TMn  mode  [3],  where  Kh  is  the  coupling  coef¬ 
ficient  for  the  TMii  mode  passband. 

III.  The  Second  Type  of  Damped  Structure 

Now  we  consider  the  second  kind  of  damped  structure 
which  is  essentially  different  from  the  first.  Given  a  constant 
impedance  disk-loaded  structure  of  length  L  as  shown  in  Fig. 
1,  one  can  calculate  the  passband  of  the  TMn  mode  (which  is 
the  most  dangerous  mode  for  multibunch  operation).  We  define 
^1^5  as  the  phase  shift  of  the  TMn  mode  passband  at  which  the 
phase  velocity  equals  to  the  velocity  of  light.  Assuming  now  a 
charged  particle  is  injected  into  the  structure  off  axis  at  a  velocity 
close  to  that  of  light,  one  knows  that  this  particle  will  loss  its  en¬ 
ergy  to  the  TMii  mode  mainly  at  synchronous  phase  shift 
and  generates  behind  it  so-called  wakefield  W±^ii{s),  where  s 
is  the  distance  between  this  exciting  particle  and  a  following  test 
particle  (of  course  it  will  generate  Wakefields  oscillating  at  other 
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Figure.  2.  =  1  surface  with  Vg{6i^s)lc  =  0.001 


frequencies  also).  If  0  <  <  tt  the  energy  of  the  wake- 

field  which  is  distributed  uniformly  along  the  structure 

length  L  just  after  the  passage  of  the  exciting  electron,  will  tend 
to  move  upstream  with  the  group  velocity  of  (^i .  Assuming 
that  four  distributed  waveguides,  for  example,  are  connected  to 
the  first  cavity  at  the  beginning  of  the  structure,  in  order  to  absorb 
the  energy  of  W±, ,  1 1  from  the  structure  via  the  HOM  waveguides 
without  any  reflection,  one  has  to  match  this  HOM  coupler  to  the 
TMii  travelling  wave  mode  working  at  by  carefully  choos¬ 
ing  the  slot  dimensions  on  the  coupler  wall  (just  like  matching 
the  fundamental  mode  input  and  output  couplers  of  a  constant 
impedance  travelling  wave  accelerating  structure).  The  coupling 
slots’  width  U  and  height  have  to  satisfy  the  following  rela¬ 
tion  [2]  [4]: 

7rZoA;A;io/^exp(-2Q:;<)Jj[(ttii)^ 
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(£^)) 


=  1 
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where  a*  =  (27r/Aiio)((Aiio/24)^  —  1)^^^  and  c  is  the  ve¬ 
locity  of  light.  Comparing  eq.  2  with  eq.  3,  one  finds  out  the 
fundamental  difference  between  the  two  kinds  of  damped  struc¬ 
ture,  that  is,  the  coupling  slots  of  the  HOM  coupler  of  the  second 
type  damped  structure  should  not  be  too  large  or  too  small  but 
satisfy  matching  condition  shown  in  eq.  3,  however,  for  the  first 
type  damped  structure  this  limitation  doesn’t  exist.  Here  we  will 
use  eq.  3  to  find  the  dimensions  of  HOM  coupling  apertures  of 
a  3GHz  accelerating  structure  with  a  =  1.5cm,  D  =  3.33cm, 
R  4.1cm,  h  —  2.83cm,  A  =  4.4cm  and  B  =  2.cm.  Fig.  2 
shows  the  relation  between  and  h  for  different  wall  thickness 
at  =  0.001. 

Once  the  HOM  coupler  is  matched  one  knows  the  deflecting 
force  of  the  transverse  wakefield  W±^n  on  the  test  particle  of 
charge  q  which  is  behind  the  exciting  particle  by  a  distance  of  s: 


Fx,n  =  qW^,ne  (4) 


where 


D{s)  =L-  (s  <  cL/Vg{ei,,)) 


D{s)  =  O,{s>cL/vg{0i,,))  (5) 

where  oj{0i^s)  is  the  angular  frequency  of  the  travelling  TMn 
mode  at  the  phase  shift  of  (5o,u  is  the  quality  factor  of  the 
structure  working  at  the  angular  frequency  uj{0i^s)‘  It  is  obvi¬ 
ous  that  when  Vg{9i^s)  —  0  there  is  no  damping  effect  (only  the 
coupler  cavity  is  damped).  For  those  who  are  used  to  think  in 
terms  of  loaded  quality  factor  to  judge  the  damping  effect  of  this 

HOM  coupler,  we  will  use  an  exponential  function  Le  1 1  ° 

to  simulate  function  D{s)  in  eq.  5  by  choosing  Qe,n  as 


Qe,ll 


(6) 


in  the  way  that  both  functions  drop  to  the  the  same  value  Le  ^ 
at  the  same  s.  Eq.  4  can  be  expressed  as 


^1,11  =  qW±^iiLe 


^  1 ,  g )  /  g_  \ 


(7) 


where  is  called  the  equivalent  loaded  quality  factor  which 
is 

^  Qo,ii 

.  ,  Qoax 

^  Q«,ii 


Qo,ii 

1  +  fieq 


(8) 


where  /?eq  is  called  equivalent  coupling  coefficient  which  has 
nothing  to  do  with  the  coupling  coefficients  expressed  in  eq.  2 
andeq.  3.  IfQo,ii  >  Qe,ii,  Ql,ii  «  Qe,ii-  Fromeq.  6  it  is 
very  important  to  note  that  there  are  two  ways  to  decrease 
either  to  reduce  L  or  to  increase  The  total  number  Nc 

of  the  HOM  couplers  which  should  be  used  to  reach  a  desired 
Ql  11  for  a  constant  impedance  structure  of  length  L  can  be  cal¬ 
culate  from  the  following  expression: 


Nc  = 


Lu{0r^,){l  -  e-^^){Qo,n-Qln) 


2cQo,iiQ|^  1 1( 


(9) 


The  second  kind  damped  structure  is  used,  for  example,  in 
TESLA  linear  collider  project. 


IV.  The  Third  Type  of  Damped  Structure 

The  third  type  of  damped  structure  is  to  damp  a  detuned  struc¬ 
ture  by  few  HOM  waveguides.  We  will  first  discuss  it  without 
adding  HOM  coupler  and  assuming  that  cavities’  dimensions  are 
different  from  each  other  adiabatically.  The  TMu  modes  disper¬ 
sion  curves  of  this  detuned  structure  are  shown  in  Fig.  3.  When 
a  particle  traverse  the  structure  off  axis  it  will  deposit  part  of  its 
energy  on  TMu  mode  oscillating  at  the  frequencies  mainly  from 
fi  to  fn  as  shown  in  Fig.  3,  where  the  subscript  n  is  the  total 
number  of  different  cavities  in  this  detuned  structure  of  length 
L.  The  deflecting  force  felt  by  a  test  particle  can  be  expressed  as 


“  n  c  ^Vo,ii,f  c 

1=1 

(10) 


with 


ATx.ii 


f  ki^jC  \ 


(11) 
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Figure.  3.  Dispersion  curve  of  a  detuned  structure 


where  is  the  TMu  mode  loss  factor  corresponding  to  the  ith 
cavity,  and  it  can  be  calculated  analytically  [2] 


^11 


= 


4:7r€ohRfJ2{uii)  ^aiUii  ^  R, 


j  /^ll 


(12) 


^1. 


■sin( 
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If  we  consider  an  uniformly  detuned  structure  with  its  iris  ra¬ 
dius  adiabatically  decreasing  from  ai  at  the  beginning  to  at 
the  end,  the  deposited  energies  can  move  inside  the  structure  in¬ 
stead  of  oscillating  locally.  The  motions  of  the  TMi  i  modes  ’  en¬ 
ergies  inside  the  structure  can  be  classified  into  three  different 
ways.  For  the  modes  deposited  at  the  beginning  of  the  structure 
they  will  oscillate  locally  since  they  could  not  propagate  down¬ 
stream.  For  the  modes  generated  at  the  end  of  the  structure  (from 
fm  to  /n,  Vg{9i^s,i)  <  0,  i  =  m,  •  •  n),  however,  the  energies 

will  propagate  upstream  and  be  trapped  finally  somewhere  in 
the  downstream  cavities  where  the  group  velocities  correspond¬ 
ing  to  these  frequencies  are  equal  to  zero.  Finally,  the  energies 
of  the  modes  between  /i  and  fm  will  propagate  upstream  until 
they  are  reflected  by  the  first  cavity.  The  reflected  energies  will 
move  downstream  and  finally  be  trapped  in  the  cavities  where 
the  group  velocities  are  zero. 

To  damp  the  TMu  modes  in  a  detuned  structure  via  a  few 
HOM  couplers  is  the  main  idea  of  the  so-called  damped  detuned 
structure  currently  adopted  in  the  S-Band  linear  collider  main 
linac  design  [5].  To  demonstrate  the  behaviour  of  a  HOM  cou¬ 
pler  let’s  assume  that  at  the  beginning  of  a  detuned  structure  a 
HOM  coupler  (four  waveguides)  is  installed  and  is  matched  to 
the  ith  TMu  mode.  The  equivalent  loaded  quality  factor  corre¬ 
sponding  to  the  ith  mode  can  be  expressed  as 


other  modes,  however,  are  less  efficient  and  different  from  one 
to  another  due  to  mismatching.  The  reflected  HOM  energies  by 
this  mismatched  HOM  coupler  will  be  trapped  somewhere  in  the 
structure.  It  seems  that  the  first  type  damping  scheme  is  the  most 
suitable  choice  for  a  damped  detuned  structure  (SLAC  damped 
detuned  structure  is  a  good  example  [6]). 
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where  <  >  is  the  average  group  velocity  of  the  ith 

mode  travelling  from  z  =  to  2r  w  0  where  the  HOM  cou¬ 
pler  is  located.  The  damping  effects  of  this  HOM  coupler  on  the 
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Abstract 

We  describe  the  low  power  and  high  power  performance  of 
planar  waveguide  windows  designed  and  fabricated  by  Thomson 
Tubes  and  tested  at  LNS.  These  windows  are  intended  for  use 
in  the  phase  III  upgrade  of  CESR. 

Introduction 

In  the  recent  CESR  beam  test  of  the  SRF  cavity  we  used  a 
planar  waveguide  window  designed  and  built  by  Premier 
Microwave,  shown  in  Fig.  1.  As  reported  in  [1],  this  window 
was  tested  off-line  at  500  MHz  with  250  kW  traveling  wave 
power  and  125  kW  reflected  power.  The  conditioning  time  to 
reach  250  kW  was  about  200  hours,  with  vacuum  bursts  as  the 
most  frequent  trip  event.  When  the  SRF  cavity  was  installed 
in  CESR[2],  the  maximum  beam  power  supplied  to  a  120  mA 
beam  through  the  window  and  SRF  cavity  was  155  kW,  again 
limited  by  vacuum  bursts  during  window  conditioning  in  the 
presence  of  beam  and  with  the  cavity  on  resonance.  For  the 
phase  III  upgrade  of  CESR,  we  need  to  supply  325  kW  to  the 
beam.  We  plan  to  continue  high  power  off-line  tests  on  the 
Premier  window. 


Fig.  1:  Premier  Microwave  window  with  three  BeO  disks. 
Full  height  WR  1 800  waveguide,  air  side  is  shown. 
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Thomson  Window 

We  also  started  to  evaluate  a  500  MHz  planar  window 
design  from  Thomson.  The  design  is  as  shown  in  Fig.  2  and 
Fig.  3.  The  disk  is  alumina  ceramic  and  coated  on  the  vacuum 
side  with  TiN. 


Fig.  2  Thomson  Window  with  one  alumina  disk.  Half-height 
WR  1800  waveguide,  vacuum  side  is  shown. 


Thomson  Tubes  Electroniques  High  Power  RF  Waveguide  Window 


Matching  Posts 


Vacuum  side;  Reduced  Height  Air  side;  WR-1$00 

Fig.  3:  Schematic  layout  of  Thomson  window  showing 
ceramic  disk  and  matching  posts. 

The  VSWR  of  each  window  was  measured  at  low  power 
using  the  TRL  method  with  an  HP  network  analyzer.  The 
geometry  of  the  window  was  also  studied  using  the  MAFIA 
program.  Fig.  4  compares  the  measured  and  calculated 
VSWR,  about  1.04  at  500  MHz. 

MAFIA  calculations  also  give  the  electric  fields  in  the 
window  assembly  region,  and  these  are  shown  in  Fig.  5.  We 
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note  that  similar  MAFIA  studies  on  the  Premier  window 
revealed  that  the  maximum  electric  field  between  the  posts  and 
the  window  region  was  nearly  a  factor  of  5.0  over  that  of  WR 
1800  as  compared  to  a  factor  of  2.0  for  the  Thompson 
window,  as  shown  in  Fig.  6. 


START  0.495  GHZ  STOP  0.504  GHZ 


Fig.  4:  Measured  (line)  and  calculated  (circles)  VSWR  for  the 
Thomson  window. 


Fig.  5:  Enhancement  of  electric  field  on  axis  over  that  of  WR 
1800  waveguide  due  to  ceramic  and  matching  posts  in  the 
Thomson  window. 

High  Power  tests  on  the  Thomson  Window 

After  cleaning,  two  of  the  Thomson  windows  were 
assembled  in  a  clean  room  using  Helicoflex  seals  to  a  copper 
vacuum  pump-out  waveguide  box  which  had  stainless  steel  end 
flanges.  The  pump-out  box  had  ports  with  ZnSe  windows  to 
view  the  temperature  of  the  ceramic  disks  with  an  infra  red 
camera.  (See  Fig.  7)  Three  light  detectors  were  used  to 


monitor  arcing,  one  on  the  air  side  of  each  window  and  one  in 
the  common  vacuum  region.  An  electron  pick-up  probe  was 
also  installed  in  the  vacuum  box.  The  entire  assembly  was 
baked  at  225  C  for  2  days,  and  the  final  vacuum  was  3x10"^ 
torr  at  room  temperature. 

In  the  traveling  wave  mode  at  500  MHz,  we  were  able  to 
reach  100  kW  CW  without  any  significant  processing  events. 
Above  100  kW,  vacuum  bursts  started  to  trip  the  rf  when  the 
vacuum  exceeded  10“^  torr.  These  bursts  degraded  the  vacuum 
quite  substantially  and  it  took  several  minutes  to  recover. 

At  this  stage  we  switched  to  an  automated  pulsed 
processing  routine.  Each  time  the  rf  level  was  raised  by  1  kW, 
the  duty  cycle  of  the  rf  pulses  was  reduced  to  a  few  %,  then 
progressively  increased  back  to  100%.  Once  the  CW 
conditions  were  stable  at  the  new  power  level,  the  command 
power  was  increased  by  1  kW  and  the  pulsed  procedure 
repeated.  When  there  was  an  rf  trip  in  the  pulsed  mode,  we 
noticed  that  the  electron  pick-up  current  would  rise  for  that 
pulse.  There  was  no  electron  current  for  rf  pulses  which  had 
no  trip.  This  observation  points  to  multipacting  as  the  cause 
of  the  vacuum  bursts.  Pulsed  power  processing  was  also  very 
slow,  with  substantial  off  time  due  to  vacuum  recovery. 


Fig.  6:  Comparison  of  the  electric  fields  for  two  types  of 
window  assemblies. 

PUMPING 
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Fig.  8:  Typical  high  power  processing  set  up  showing  two 
windows  and  two  300  kW  water  loads. 


TICKLE  Processing 

To  limit  the  severity  of  the  vacuum  surges,  a  new  method 
of  pulsed  processing  was  applied.  We  call  it  "tickle 
processing".  As  we  continued  to  use  the  pulsed  processing 
program,  we  superposed  20  -  50  kW,  100  |isec  wide  pulses  on 
top  of  the  primary  rf  pulses  as  shown  in  Fig.  8.  In  this  way 
we  limited  the  magnitude  of  the  vacuum  bursts  and  improved 
the  efficiency  of  the  processing  achieving  much  swifter 
progress.  Fig.9  shows  that  the  rate  of  processing  to  300  kW 
CW  was  20  hours.  The  highest  power  achieved  was  430  kW 
at  33%  duty  cycle. 


Fig.  9:  Tickle  processing  with  primary  power  400  kW. 
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Fig.  10:  Conditioning  time  for  two  Thomson  and  two  Premier 
windows. 
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REFLECTED  POWER  TESTS 
At  a  duty  cycle  of  50%,  the  input  power  was  set  constant 
at  125  kW  and  the  terminating  load  was  replaced  by  a  short. 
The  location  of  the  short  was  changed  in  5  cm  steps  for  a  total 
of  5  measurement  positions.  The  maximum  temperature 
recorded  for  window  #1  was  AT  =  40  C  and  for  window  #2  was 
AT  =  63  C. 


FUTURE  PLANS 

We  plan  to  replace  our  old  klystron  with  a  600  kW  unit  in 
the  near  future  and  to  continue  high  power  tests.  Meanwhile, 
stress  calculations  are  in  progress  to  determine  the  maximum 
tolerable  AT.  We  also  plan  to  provide  for  air  flow  cooling  on 
the  air  side  of  the  ceramic  to  proceed  to  400  kW  CW.  For 
final  use  in  CESR,  we  anticipate  placing  the  window  at  an 
electric  field  minimum  position  for  no  beam  present.  This  will 
allow  us  to  tolerate  the  maximum  possible  power  in  full 
reflection,  which  is  desirable  for  high  power  processing  of  field 
emission  in  the  SRF  cavity. 
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Periodically  through  the  processing  stage,  we  measured  the 
temperature  of  the  ceramic  disks  with  the  IR  camera.  At  250 
kW  CW,  one  disk  reached  AT  =  37  C  and  the  other  56  C.  The 
temperature  profiles  across  the  disks  were  cylindrically 
symmetric.  Calorimetric  measurments  show  that  the  window 
was  absorbing  80  watt  at  250  kW  travelling  wave.  MAFIA 
calculations  confirm  this  absorption  level  assuming  a  loss 
tangent  of  10“^.  At  300  kW  CW,  the  hotter  disk  reached  66 
C,  near  the  maximum  temperature  recommended  by  the 
supplier.  Running  CW  above  300  kW  was  also  troublesome 
for  our  aged  klystron.  Therefore  we  continued  at  50%  duty 
cycle  to  350  kW  and  at  33%  duty  cycle  to  430  kW.  We 
believe  that  at  these  duty  cycles,  we  have  already  carried  out 
the  needed  conditioning. 
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The  ELETTRA  RF  system  is  now  in  operation  since  18 
months  and  has  demonstrated  to  be  very  reliable  and  flexible. 
Due  to  the  independence  of  the  four  plants,  the  low  failure 
rate  did  usually  not  cause  interruption  of  machine  operation. 
The  low  level  control  system  has  been  completed  in  the  last 
year  with  the  installation  of  the  phase  loops.  For  the  present 
operating  conditions,  i.e.  maximum  250  mA  at  2  GeV,  no 
need  for  HOM  dampers  became  evident,  since,  by  accurate 
temperature  tuning  of  the  cavities,  dangerous  frequencies  can 
be  easily  avoided.  With  the  present  scenario  of  insertion 
devices,  a  current  of  400  mA  with  sufficiently  good  lifetime 
may  be  stored  at  2  GeV  in  the  multibunch  mode.  New 
upgrades  of  the  system,  like  a  slow  phasing  loop  among  the 
cavities  are  also  discussed. 

1.  INTRODUCTION 

The  ELETTRA  RF  system  is  composed  of  four  500  MHz 
cavities  distributed  along  the  ring  [1].  Each  cavity  is  fed  by  an 
independent  60  kW  RF  plant.  The  RF  system  has  been  now 
operating  for  more  than  one  and  a  half  years.  The  operating 
hours  vary  from  4070  to  6560  depending  on  the  plant.  In 
routine  operation  the  gap  voltage  of  each  cavity  is  set  to  600 
kV  peak  [2].  Injection  is  performed  at  1  GeV  at  the  nominal 
frequency  (499.654  MHz).  Beam  energy  is  ramped  to  2  GeV 
without  acting  on  the  RF  parameters.  At  2  GeV  the  RF 
frequency  is  shifted  to  499.652  MHz  for  orbit  and  beam 
quality  optimisation.  RF  system  parameters  for  routine 
operation  at  1  and  2  GeV  are  listed  in  tab.  1. 


Energy  (GeV) 

1 

2 

Power  loss  (keV/tum) 

16 

255.75 

Power  to  the  beam  at  200  mA 
(kW) 

3.2 

51.15 

Number  of  cavities 

4 

Total  avaiiabie  power  (kW) 

240 

Power  wasted  per  cavity  (kW) 

25.7 

25.7 

Peak  cavity  voltage  (kV) 

600 

600 

Total  peak  eff.  voltage  (MV) 

1.68 

1.68 

Synch,  phase  angle  (deg) 

0.5 

8.7 

Syn.  frequency  (kHz) 

15.7 

11.0 

Overvoltage  factor 

105.1 

6.57 

RF  Energy  acceptance 

0.039 

0.024 

Tab.  1.  RF  Parameters  in  routine  operation 


IT  PERFORMANCE  OF  THE  RF  SYSTEM 

The  general  performance  of  the  system  since  start  of  the 
commissioning  up  to  now  has  been  very  satisfactory.  The 
flexibility  created  by  choosing  independent  plant  has  been 
very  useful  both  in  optimising  the  system  itself  and  to 
guarantee  a  low  failure  rate.  All  the  parameters  of  the  plants 
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are  controlled  to  verify  their  operation.  The  gap  voltage  in 
each  cavity  is  always  monitored.  The  measured  variation  of 
the  gap  voltage  is  always  well  within  the  required  1  % 
stability  range.  The  temperature  of  the  cavities  is  optimised  in 
order  to  lower  interaction  of  the  beam  with  HOM  so  to  avoid 
multibunch  instabilities  [3].  The  relative  phasing  of  the 
cavities  is  obtained  by  equalising  the  input  power  to  each 
cavity  by  means  of  a  360  degrees  phase  shifter  which  is 
placed  on  top  of  each  RF  plant.  Slight  modifications  of  the 
relative  phases  of  the  cavities  are  required  from  time  to  time 
during  operation.  These  optimisations  are  in  any  case  in  the  ± 
1  degree  electric  phase  range.  The  reason  for  these  variations 
is  due  to  changes  in  the  ambient  temperature  in  the  service 
area. 

The  option  of  phase  locking  the  signal  generator,  which 
was  formerly  used  only  to  operate  the  RF  system 
asynchronously  to  the  linac,  has  been  implemented.  So  now 
the  RF  driving  signal  can  be  either  phase  locked  or  free  with 
respect  to  the  linac  signal  generator  which  provides  the 
machine  main  clock.  In  this  way  the  storage  ring  RF 
frequency  can  be  varied,  once  filled  the  ring  with  the  required 
filling  pattern,  without  altering  the  linac  working  frequency.  A 
phase  shifter  is  placed  after  the  RF  generator  to  optimise  the 
phase  of  the  RF  bucket  respect  to  the  linac  timing.  The 
injection  rate  is  strongly  dependent  on  the  relative  phase  of 
the  storage  ring  RF  and  linac.  It  has  been  observed  that  the 
injection  rate  can  be  increased  up  to  ten  times  by  a  proper 
choice  of  the  relative  phase. 

Very  few  failures  happened  in  the  power  plant  (actually 
only  five  in  eighteen  months).  The  amplifiers’  faults  were 
mainly  due  to  what  can  be  considered  mechanical  reasons, 
however  none  of  them  regarded  the  RF  chain.  During  the  time 
needed  to  recover  from  these  faults,  the  machine  could  be 
operated  with  the  remaining  three  cavities  with  increased  gap 
voltage  to  650  kV,  i.e.  1.37  MV  total  peak  effective  voltage. 
The  only  noticeable  effect  was  a  slight  decrease  in  lifetime. 
Hence  the  choice  of  having  four  independent  RF  plants  has 
proved  to  be  very  effective  in  minimising  machine  operation 
time  lost  due  to  failures  in  the  RF  system.  Some  circulators 
arcs  have  happened  randomly.  These  are  generally  related  to 
beam  dumps  at  high  currents.  In  fact  in  this  case  the  tuning 
system  needs  some  seconds  to  retune  the  cavity,  while  the 
amplitude  control  loop  is  keeping  the  gap  voltage  at  the 
required  level.  This  provokes  an  increase  of  the  direct  and 
reflected  power  that ,  depending  on  the  phase  relation  between 
incident  and  reflected  wave,  could  cause  either  an  arc  or  most 
probably  merely  a  disturbing  signal  in  the  arc  detecting 
electronics.  Vacuum  trips  have  became  very  rare:  as  expected 
the  number  of  faults  has  been  vanishing  with  operating  time. 
Random  beam  dumps  caused  by  the  ion  pump  interlocks  have 
occurred  for  certain  temperature  settings  of  one  cavity  when 
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ramping  more  than  200  mA  at  2  GeV.  These  requests  of  beam 
dump  are  likely  to  be  caused  by  an  excited  cavity  mode  which 
propagates  through  the  tube  where  the  ion  pump  is  mounted. 
The  mode  which  is  suspected  to  be  the  cause  of  this  effect  is 
the  tenth  longitudinal  mode  whose  frequency  is  close  to  2.1 
GHz.  However  this  is  not  fully  confirmed,  but  the  flexibility 
of  the  temperature  setting  of  the  cavity  has  helped  to  avoid  the 
repetition  of  the  problem.  Finally  no  faults  have  occurred  in 
the  low  level  system. 

III.  PHASE  LOOPS  OPERATION 

The  original  design  of  the  phase  loops  has  been  revised. 
With  the  former  concept  in  fact,  the  closure  of  the  loops  on  all 
the  four  plants  generally  provoked  a  reduction  in  lifetime  or 
even  beam  losses.  Furthermore  injection  seemed  to  saturate 
with  all  the  loops  in  operation  and  problems  with  the  ramping 
occurred  as  well.  First  of  all  the  speed  of  the  loop  has  been 
decreased  to  1  msec,  so  to  avoid  perturbing  interaction  with 
the  synchrotron  oscillation  period.  The  insertion  of  the  loops 
has  been  modified  so  that  now  it  is  performed  smoothly 
instead  of  abruptly.  Finally  the  return  signal  of  the  loop  is 
sampled  at  the  directional  coupler  just  before  the  cavity  input 
coupler,  since  the  main  contribution  to  the  phase  variations 
comes  from  the  klystron.  With  these  modifications  the  phase 
loop  system  works  satisfactory,  not  presenting  any  of  the 
above  mentioned  problems.  The  possibility  of  implementing  a 
fast  RF  feedback  loop  using  the  cavity  voltage  sample  is 
under  consideration  even  if  at  the  moment  it  does  not  seem 
necessary  being  the  phase  stability  of  the  cavity  voltage 
already  in  the  required  range  (±  0.5  deg.). 

IV.  CAVITIES’  TEMPERATURE  AND  HOM 
SPECTRUM 

Excitation  of  longitudinal  multibunch  instabilities  by  the 
cavity  HOMs  has  been  cured  by  shifting  the  HOMs’ 
frequency  away  from  overlaps  with  Coupled  Bunch  Mode 
(CBM)  frequencies.  This  shift  is  obtained  by  a  proper  setting 
of  the  cavity  temperature.  This  temperature  can  be  regulated 
in  a  wide  range  (~30°C),  at  a  constant  cooling  water  flow. 

The  first  nine  monopole  HOMs  of  the  smooth  shape 
ELETTRA  cavities  have  been  taken  into  account.  For  each 
mode  only  one  resonance  is  present,  since  the  cavities  are 
single  cell.  Since  no  damping  device  is  present,  they  are  high 
Q  resonances  and  their  bandwidth  is  small  compared  to  the 
interval  between  two  subsequent  CBM  frequencies.  Along 
with  the  wide  tuning  range  this  allows  to  select  cavity 
temperatures  at  which  harmful  HOMs  are  sufficiently  far 
away  from  CBM  frequencies.  The  cavity  temperature  setting 
happens  interactively  from  the  general  control  system. 

For  an  analytical  approach  to  this  technique  the  HOMs’ 
frequencies  should  be  known  for  the  different  operating 
conditions  of  the  cavities  and  of  the  machine.  Therefore  the 
HOMs’  frequencies  are  measured  on  the  “cold  cavity”  (i.e. 
without  RF  power)  at  a  given  cavity  temperature  Tq  and 


accelerating  mode  (Lq)  frequency.  The  HOM  spectra 
characterisation  is  completed  by  measuring  the  coefficient  x, 
which  gives  the  HOM  frequency  shift  for  a  unitary  change  in 
cavity  temperature  at  fixed  Lq  frequency,  and  (p,  which  gives 
the  HOM  frequency  shift  induced  by  a  unitary  Lq  frequency 
change.  The  HOM  spectrum  characterisation  is  accurate  and 
reliable.  In  fact  the  temperature  stability  of  the  cavity  is  within 
±  0.05  °C  and  the  accelerating  mode  frequency  loop  doesn’t 
operate  via  an  internal  plunger  but  via  an  external  tuning  cage. 
Finally  the  temperature  regulation  loop  operates  in  such  a  way 
that  the  fundamental  mode  frequency  change  from  0  to  full  RF 
power  is  little  and  can  be  measured.  The  corresponding  little 
change  on  the  HOMs’  frequency  measured  without  RF  power, 
can  be  computed.  It  is  equivalent  to  a  shift  in  the  temperature 
of  the  measurement,  Tq  +£w  Typical  value  for  is  -  0.5  °C. 

On  the  base  of  these  data  a  “critical  temperature”  can  be 
defined  for  each  HOM  and  the  corresponding  Coupled  Bunch 
Mode  (CBM)  [3].  Setting  the  cavity  to  this  temperature 
maximises  the  coupling  between  that  HOM-CBM  pair. 
Computing  the  critical  temperature  for  all  harmful  pairs, 
temperature  settings  can  be  sorted  out  where  the  coupling  is 
minimised.  Dependence  on  RF  frequency,  beam  current, 
energy  as  well  as  RF  voltage  can  be  evaluated  [3]. 
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L3 

1421.287 

40781 

7.4 

302 

-43.0 

-2.2 

L4 

1513.606 

27953 

6.3 

176 

-28.2 

-0.3 

L5 

1600.458 

13169 

21.6 

284 

-41.6 

-2.3 

L6 

1877.557 

26911 

7.2 

194 

-33.3 

-0.1 

L7 

1948.013 

40963 

2.4 

99 

-52.6 

-2.2 

L8 

2030.998 

56767 

6.7 

37 

-34.9 

0.1 

L9 

2072.590 

32956 

24.7 

813 

-108.0 

-8.3 

Tab.  2:  Longitudinal  HOM  characterisation  for  cavity  S3. 


As  an  example  tab.  2  shows  the  characterisation  of  the 
longitudinal  HOM  spectrum  for  cavity  S3.  The  HOMs’ 
frequency  and  Q  are  measured  as  they  would  be  seen  by  the 
beam.  The  computed  value  (OSCAR2D)  for  R/Q  is  quoted. 
The  values  in  this  table  are  used  for  the  computation  of  the 
critical  temperatures  as  it  is  discussed  in  [3]. 

V.  NEW  PARAMETERS  FOR  THE  OPERATION 
WITH  400  mA  AT  2  GeV 

An  effective  peak  voltage  of  1.8  MV  at  2  GeV  was 
considered  to  be  necessary  in  order  to  reach  a  reasonable 
lifetime.  This  estimate  was  based  on  certain  assumptions 
about  bunch  lengthening  (which  means  broadband 
impedance)  and  vertical  emittance  coupling  [4].  This  lead  to 
the  conclusion  that  with  the  foreseen  layout,  two  more  plants 
were  needed  for  a  400  mA  beam  current  at  2  GeV.  From  the 
experience  with  the  machine,  it  became  clear  that  these 
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requirements  could  be  slightly  relaxed  for  the  multibunch 
case.  In  fact  in  routine  operation  with  4  cavities  at  600  kV 
peak  gap  voltage,  i.e.  1.68  MV  total  effective  voltage,  the 
lifetime  at  200  mA,  2  GeV  is  from  30  to  14  hours  depending 
on  machine  optics.  For  this  reason  the  parameters  of  the 
existing  RF  system  are  already  sufficient  to  store  400  mA  at  2 
GeV  with  four  plants  (see  tab.  3).  Being  limited  by  the  total 
available  RF  power,  the  total  voltage  has  to  be  obviously 
decreased  so  to  allow  sufficient  power  to  the  beam.  However 
the  slight  decrease  in  RF  voltage  does  not  dramatically  lower 
the  lifetime.  Up  to  now  operation  of  the  machine  at  2  GeV  is 
limited  to  250  mA  due  to  overheating  problems  of  BPMs  at 
higher  current.  These  problems  are  now  on  the  way  to  be 
solved,  hence  high  current  tests  are  foreseen  to  confirm  if 
satisfying  operation  of  the  machine  can  be  achieved  without 
increasing  the  number  of  cavities. 


A 

B 

C 

Power  loss  (keV/tum) 

255.75 

286.15 

316.55 

Total  power  to  the  beam 
(kW) 

102.30 

114.46 

126.62 

Number  of  cavities 

4 

Total  available  RF  power 
(kW) 

240 

Power  wasted  per  cavity 
(kW) 

28 

25 

22 

Peak  cavity  voltage  (kV) 

610 

570 

540 

Total  peak  eff.  voltage 
(MV) 

1.70 

1.59  ^ 

1.51 

Synch,  phase  angle  (deg) 

8.6 

10.4 

12.1 

Synchrotron  frequency 
(kHz) 

11.1 

10.7 

10.4 

Overvoltage  factor 

6.65 

5.56 

4.77 

RF  Energy  acceptance 

0.025 

0.023 

0.022 

Tab.  3.  RF  Parameters  at  2.0  GeV,  400  mA. 
Notes:  A  Bare  machine. 


B.  Values  calculated  for  presently  planned  ID. 

C.  Values  calculated  for  two  times  the  ID  in  B. 

VL  FUTURE  IMPROVEMENTS  TO  THE  RF 
SYSTEM 

The  improvements  which  are  under  study  are  performed 
to  further  reduce  the  checks  and  actions  by  the  operator. 

It  has  already  been  mentioned  above  that  the  relative 
phases  of  the  cavities  need  to  be  re-optimised  from  time  to 
time.  Normally  this  is  done  once  a  day  and,  if  required,  the 
correction  is  generally  about  1  degree.  The  reason  is  thought 
to  be  due  to  variations  in  ambient  conditions.  In  fact  two 
cavities  are  placed  in  two  different  nearby  sections  of  the  ring 
and  the  other  two  are  placed  in  the  diametrically  opposite 
position.  RF  plant  driving  signals  are  distributed  via  7/8” 
flexwell  cables  running  in  the  service  area.  This  cables  are  for 
the  moment  not  pressurised  and  are  longer  than  50  metres  for 
two  cavities.  Their  electrical  length  is  obviously  dependent  on 


ambient  temperature,  pressure  and  relative  humidity. 
Variations  of  these  parameters  have  been  observed  in  the 
service  area.  Another  important  parameter  is  also  the  ageing 
of  the  cables,  but  after  eighteen  months  of  operation  this 
factor  causes  a  minor  effect.  In  order  to  avoid  the  action  of  the 
machine  operator,  a  slow  rephasing  system  is  under  study. 
This  could  be  based  either  on  the  measurement  of  the  input 
power  to  each  cavity  or  on  the  measurement  of  the 
synchrotron  frequency.  The  first  method  is  actually  more 
straightforward  to  implement.  The  measurement  of  the  input 
power  to  the  cavity  is  already  acquired  by  the  control  system 
of  the  machine.  The  drawback  of  this  solution  is  that  it  can  be 
influenced  by  the  slightly  different  input  powers  at  the  same 
gap  voltage  due  to  differences  in  the  cavities  and  their 
matching  to  the  line.  However  the  error  generated  with  this 
method  is  very  low.  A  more  precise  system  could  be  obtained 
combining  the  input  power  measurement  with  the 
measurement  of  the  synchrotron  frequency.  The  maximisation 
of  the  synchrotron  frequency  by  phasing  the  cavities  would 
assure  that  the  gap  voltages  of  the  cavities  are  correctly 
phased  with  respect  to  the  beam.  A  further  improvement  can 
be  obtained  by  operating  the  distribution  cables  at  a  slight 
overpressure.  Being  the  cables  air  filled,  with  the  dielectric 
limited  to  an  helical  support,  this  should  practically  eliminate 
the  effect  of  variation  in  ambient  pressure  and  relative 
humidity.  However  the  temperature  dependence  remains. 

A  phase  discriminator  will  be  added  to  measure  the 
relative  phase  of  the  RF  system  driving  signal  to  the  Linac 
injector.  This  will  allow  to  fix  the  phase  between  Linac  and 
RF  system  to  optimise  the  injection  efficiency.  The  ’’good" 
phase  will  be  then  restored  before  injecting  by  means  of  a 
software  command  acting  on  the  general  phase  shifter. 

The  vacuum  interlock  of  the  cavities  is  now  based  on  a 
Penning  gauge  fitted  in  a  tube  brazed  to  the  cavity.  The 
possibility  of  adding  a  further  interlock  based  on  the 
derivative  of  the  vacuum  pressure  is  under  study.  In  fact 
before  a  cavity  trips,  the  increase  in  vacuum  pressure  in  the 
cavity  is  very  rapid.  Therefore  a  system  based  on  the 
derivative  of  the  vacuum  pressure  would  be  more  efficient  to 
protect  the  system  from  eventual  damages  in  the  cavity  or 
input  coupler.  This  solution  has  been  already  adopted  in  other 
machines  (e.g..  ESRF).  Of  course  the  interlock  based  on  the 
pressure  measurement  has  to  be  maintained  as  well. 
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Abstract 

The  specifications  for  the  RF  load  to  be  used  for  absorbing  the 
traveling  wave  at  the  end  of  an  NLCTA  accelerator  section  are 
that  it  be  well  matched  over  a  broad  band  of  frequencies  (10% 
minimum),  centered  at  1 1.424  GHz,  and  capable  of  handling  up 
to  63  MW  peak  and  3  kW  average  power.  We  present  a  ceramic 
(Aluminum  Nitride  +  7%  glassy  carbon)  load  design  which  sat¬ 
isfies  these  requirements.  It  consists  of  a  thin  strip  of  dielectric 
material  with  a  tapered  surface  placed  inside  each  narrow  wall 
of  the  waveguide.  The  complex  dielectric  constant  of  the  ce¬ 
ramic  at  X-Band  frequencies  was  first  determined  by  measure¬ 
ment.  Based  on  the  measured  values,  a  MAFIA  model  is  used  to 
evaluate  the  matching  and  the  power  dissipation.  Results  of  the 
simulations  indicate  an  optimal  thickness  of  0.045  in  and  overall 
length  of  lOin. 

I.  INTRODUCTION 

The  NLCTA  requires  RF  loads  to  absorb  the  considerable 
amount  of  residual  traveling  wave  power  exiting  each  acceler¬ 
ator  section.  Very  compact,  high-power  water  loads  have  been 
developed  at  X-Band  frequencies[l].  These  are  pill-box  win¬ 
dows  with  water  circulating  on  the  air  side  of  the  ceramic  disk 
to  dissipate  the  power  absorbed.  They  would  be  suitable  for 
the  present  application  except  that  there  is  a  potential  danger 
of  water  leaking  into  the  accelerator  section.  That  occurs  when 
the  braze  joint  between  the  ceramic  disk  and  the  sleeve  fails,  or 
if  the  ceramic  disk  cracks  under  high  power  due  to  excessive 
stress.  Therefore  it  is  much  preferrable  to  have  a  dry  load  in 
which  there  is  no  circulating  water  in  direct  contact  with  critical 
vacuum  joints  so  that  this  failure  mode  is  eliminated. 

We  present  here  one  such  dry  load  design.  Fig.  1  shows  the 
right  top  quarter  of  the  geometry  looking  into  the  load.  It  con¬ 
sists  of  a  short  section  of  WR90  rectangular  waveguide  into 
which  we  braze  a  wedge  of  lossy  ceramic  alongside  each  narrow 
wall,  and  on  the  outside  of  which  we  put  water  cooling  channels. 
The  ceramic  material  is  aluminum  nitride  AIN  loaded  with  7% 
glassy  carbon  which  has  been  used  in  HOM  loads  at  CEBAF  [2] 
in  a  lower  frequency  range,  and  at  much  more  moderate  power 
levels, 

IL  LOAD  SPECIFICATIONS 

The  proposed  peak  RF  input  power  into  each  1.8  m  section 
of  the  NLCTA  is  360  MW.  The  power  exiting  the  end  of  the 
section  is  estimated  to  be  35%  of  the  input  value,  or  126  MW. 
This  exiting  power  is  split  into  two  output  waveguides  and  ab¬ 
sorbed  by  the  RF  loads.  The  specfications  for  each  of  the  loads 
are  given  in  Table  1.  Because  of  the  high  average  power,  the 


Figure  1.  MAFIA  1/4  model  of  the  high-power  load. 


important  issue  in  the  load  design  is  its  power-handling  capabil¬ 
ity.  It  is  necessary  for  the  peak  dissipated  power  density  in  the 
ceramic  to  be  reasonably  low  so  as  not  to  cause  excessive  tem¬ 
perature  rise  and  outgassing.  This  requires  the  load  to  be  able  to 
spread  the  power  dissipation  over  a  sufficient  length.  The  elec¬ 
tric  field  associated  with  63  MW  of  peak  power  is  not  a  concern 
for  such  a  device  because  the  ceramic  wedges,  being  relatively 
thin  and  close  to  the  guide  sidewalls,  are  not  in  a  region  of  high 
field  strength.  Since  there  are  no  resonant  elements,  the  band¬ 
width  requirement  for  matching  does  not  pose  a  problem  either. 
The  ceramic  properties  at  X-Band  frequencies,  however,  need  to 
be  characterized  before  any  serious  design  effort  can  proceed. 

Table  I 

Specifications  for  NLCTA  high-power  load. 


Peak  power 

63  MW 

Average  power 

2.84  kW 

Center  frequency 

11.424  GHz 

Bandwidth 

10  %  min. 

III.  CERAMIC  PROPERTIES  AT  X-BAND 

We  have  determined  the  complex  dielectric  constant  (c^ ,  Cf ) 
of  the  AIN  ceramic  by  measurements  and  analytical  calcula¬ 
tions.  The  experimental  setup  consists  of  a  .38  in  section  of 
WR90  waveguide  connected  to  a  network  analyzer  by  a  coax- 
to-waveguide  transition.  The  waveguide  was  first  shorted  at  the 
end  and  the  Su  in  amplitude  and  phase  was  measured  from  1 1 
to  11.9  GHz,  Then  a  .0615  in  thick  layer  of  AIN  was  fitted  over 
the  short  and  the  measurement  was  repeated  over  the  same  fre¬ 
quency  range.  Since  the  ceramic  comes  in  batches  and  its  prop¬ 
erties  may  vary  from  batch  to  batch,  we  performed  measure¬ 
ments  on  samples  from  three  different  batches.  Knowing  the 
level  of  variability  allows  for  a  margin  of  safety  to  be  incorpo¬ 
rated  into  the  design. 

From  the  measured  data,  we  can  find  the  change  in  the  prop¬ 
agation  constant  p  due  to  the  ceramic  and  with  the  known  ge¬ 
ometry,  we  can  calculate  the  complex  e  that  corresponds  to  that 


*Work  supported  by  the  Department  of  Energy,  contract  DE-AC03- 
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Figure  2.  Real  part  of  AIN  versus  frequency. 


Figure  3.  Imaginary  part  Cf  of  AIN  versus  frequency. 

change.  The  results  for  the  three  samples  are  shown  in  Fig.  2 
which  refers  to  the  real  part  6^ ,  while  Fig.  3  is  for  the  imaginary 
part  6f.  The  curves  are  designated  as  follows:  solid  line  for  sam¬ 
ple  5i,  dot-dashed  for  sample  S2  and  dotted  for  sample  ^3.  In 
Table  2  we  give  their  values  at  1 1.424  GHz  to  indicate  the  devi¬ 
ation  is  about  a  few  percent  for  whereas  the  fluctuation  can 
be  several  times  larger  for  Cf.  These  measured  data  will  be  used 
in  subsequent  3D  calculations. 

Table  n 

Complex  dielectric  constants  of  three  ceramic  samples  at 
11.424  GHz. 


Sample 

e* 

25.0 

8.62 

^2 

25.8 

9.35 

53 

25.0 

9.40 

IV.  LOAD  DESIGN 

In  the  load  geometry  depicted  in  Fig.  1,  the  ceramic  wedge 
consists  of  a  front  taper  transitioning  to  a  constant  thickness  for 
the  rest  of  its  length.  Hence,  there  are  three  dimensions  to  be 
determined:  the  total  length  L,  the  thickness  h,  and  the  taper 
length  5.  The  last  two  control  the  angle  of  the  taper.  We  will  use 
a  2D  analysis  to  determine  L  and  h  approximately. 

In  the  uniform  portion  of  the  load,  the  cross  section  is  that  of 
a  rectangular  guide  filled  at  each  narrow  wall  with  a  dielectric 
of  thickness  h.  If  one  assumes  the  end  wall  of  the  load  is  far 
away,  then  this  simple  geometry  can  be  solved  readily  by  mode¬ 
matching  techniques  to  give  the  complex  propagation  constant 


Figure  4.  Attenuation  rate  in  dB/cm  versus  ceramic  thickness 
in  inches. 


Figure  5.  Sensitivity  of  attenuation  rate  in  dB/cm  to  fluctuation 
in  €i  in  %. 

P  for  a  wave  traveling  down  the  load.  The  attentuation  rate  in 
dB  per  centimeter  is  obtained  from  the  imaginary  part  of  /?,  and 
Fig.  4  shows  how  it  depends  on  h  for  the  mean  value  of  e  taken 
from  the  three  samples  in  Table  2.  It  rises  slowly  at  small  /i,  then 
increases  rapidly  starting  around  .045  in  to  reach  a  peak  near 
.055  in,  and  falls  off  beyond.  In  Fig.  5  we  show  the  sensitivity 
of  the  attenuation  rate  to  variation  in  ci  in  percent  assuming  h 
=  .045  in.  A  fluctuation  of  5%  in  c*  results  in  a  15%  change  in 
attenuation  per  centimeter. 

In  order  to  dissipate  the  power  gradually  to  avoid  excessively 
high  temperature  rise,  we  opted  for  1  dB  attenuation  per  cen¬ 
timeter  and  fixed  h  to  be  .045  in.  Then  L  is  chosen  to  be  10  in 
for  a  reasonable  length  and  adequate  attenuation,  greater  than  40 
dB.  The  actual  performance  of  the  load  has  to  include  the  taper 
whose  length  s  we  have  yet  to  determine;  this  requires  modeling 
the  real  geometry  with  the  3D  MAFIA  code  [3]. 

V.  MAFIA  SIMULATION 

Time-domain  S-parameter  simulations  have  been  carried  out 
for  the  load  geometry  of  Fig.  1.  An  incident  TEio  mode  at  a 
specified  frequency  propagates  down  a  short  section  of  empty 
guide  towards  the  load  and  from  its  reflection  at  steady-state,  the 
VSWR  can  be  calculated.  At  the  same  time,  the  electric  fields  at 
time  intervals  a  quarter  period  apart  are  used  to  find  the  power 
dissipation  in  the  lossy  ceramic.  Then  the  peak  power  density 
is  located  and  is  normalized  to  3  kW  input  power  to  obtain  the 
correct  value.  The  dielectric  properties  of  the  ceramic  at  the 
simulated  frequency  is  read  off  the  data  shown  in  Figs,  2  and  3 
for  the  appropiate  sample  used. 
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Figure  6.  Time-average  energy  density  in  the  load. 


Figure  7,  Power  dissipation  density  in  the  load. 


Fig.  6  shows  the  top  view  of  one  half  of  the  load  looking  down 
on  the  broad  side  of  the  guide,  and  the  thin  ceramic  wedge  can  be 
seen  at  the  bottom  along  the  narrow  wall.  The  time-average  en¬ 
ergy  density  contours  are  displayed,  showing  the  RF  power  in¬ 
cident  from  the  left  and  diminishing  in  intensity  as  it  propagates 
to  the  right  into  the  load.  This  picture  demonstrates  vividly  how 
the  load  works.  The  incident  TEio  wave  undergoes  mode  con¬ 
version  as  it  encounters  the  dielectric  in  the  load.  The  new  mode 
splits  its  field  between  the  empty  guide  and  the  dielectric.  The 
portion  inside  the  dielectric  is  attenuated  (at  a  rate  close  to  that 
predicted  by  the  2D  analysis),  and  is  responsible  for  the  power 
absorption. 

The  effectiveness  of  the  load  depends  on  how  well  the  incom¬ 
ing  power  is  channeled  into  the  dielectric  and  how  gradually  this 
power  transfer  can  be  achieved.  It  is  evident  that  the  optimum  is 
when  the  power  is  incident  near  the  grazing  angle  because  this 
offers  the  largest  surface.  Below  the  grazing  angle,  the  power 
glances  off  the  dielectric  and  reflects  back  from  the  end  wall. 
Above  it,  the  power  penetrates  the  dielectric  over  a  small  area, 
leading  to  high  dissipation  density.  Fig.  7  shows  a  region  of 
power  dissipation  near  the  end  of  the  taper.  This  is  the  optimal 
case  where  the  power  is  spread  out  over  several  wavelengths. 

VL  LOAD  PERFORMANCE 

We  have  evaluated  different  designs  and  the  results  for  the 
final  design  are  summarized  in  Table  3.  It  has  a  taper  angle  of 
1.7  degrees  that  corresponds  to  a  taper  length  s  of  1.5  in.  All 
three  samples  were  simulated  at  11.424  GHz.  Sample  ^3  was 
also  studied  at  two  other  frequencies  to  determine  if  the  load 
meets  the  bandwidth  requirement.  The  peak  temperature  Tmax 
in  ®  (7  is  calculated  from 


Table  IH 

Load  performance  using  different  ceramic  samples. 


Sample 

Frequency  (GHz) 

VSWR 

Tma.i:  C) 

11.000 

1.094 

146 

11.424 

1.056 

132 

11.800 

1.038 

115 

11.424 

1.070 

147 

^2 

11.424 

1.042 

156 

VII.  CONCLUSION 

We  have  presented  a  dry  load  design  whose  performance  sat¬ 
isfies  the  requirements  for  the  NLCTA  application.  It  comprises 
two  tapered  strips  of  AIN  +  7%  glassy  carbon  ceramic,  0.045  in 
thick  and  10  in  long.  To  avoid  differential  expansion  problems 
between  the  copper  waveguide  walls  and  the  ceramic,  the  strips 
are  broken  up  into  0.35  in  square  buttons,  which  are  brazed 
onto  the  narrow  side  walls  of  WR90  waveguide.  Such  a  load 
is  presently  being  fabricated  for  high  power  test. 
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where  Q  is  the  peak  power  density  from  MAFIA  in  W/cm^,  h 
is  the  ceramic  thickness  as  before,  d  is  the  distance  from  the  ce¬ 
ramic  to  the  cooling  water,  and  kcu  are  the  thermal  con¬ 
ductivity  of  the  ceramic  and  copper  respectively.  This  ID  model 
is  valid  because  the  variation  in  the  third  dimension  in  Fig.  7  is 
negligible  since  the  TEio  mode  is  uniform  in  this  direction.  It 
is  apparent  from  Eq.  (1)  that  Umax  can  be  kept  low  by  having 
the  peak  power  density  not  be  excessively  high,  by  making  the 
ceramic  as  thin  as  possible,  and  by  moving  the  cooling  water  as 
close  to  the  ceramic  as  practically  possible. 

The  load  performance  given  in  Table  3  indicates  that  the  de¬ 
sign  has  a  good  match  and  reasonable  temperature  rise  in  the 
frequency  range  of  interest.  We  note  that  the  performance  may 
be  slightly  worse  when  the  ceramic  strip  is  brazed  on  in  the  form 
of  buttons. 
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We  describe  the  development  and  fabrication  of  the  first 
high-power  RF  cavity  for  PEP-IL  Design  choices  and 
fabrication  technologies  for  the  first  cavity  and  subsequent 
production  cavities  are  described.  Conditioning  and  high- 
power  testing  of  the  first  and  subsequent  cavities  are 
discussed,  as  well  as  integration  of  the  cavity  into  modular 
RF  systems  for  both  high-energy  and  low-energy  rings. 
Plans  for  installation  of  the  cavity  raft  assemblies  in  the  RF 
sections  of  the  PEP  tunnel  are  also  considered. 

1.  INTRODUCTION 

The  RF  system  for  the  PEP-II  asymmetric  B  factory  [1] 
requires  a  number  of  accelerating  cavities  to  replenish  the 
energy  lost  by  the  beams  as  they  circulate  in  the  high-  and 
low-energy  storage  rings.  We  chose  to  use  single-cell  normal 
conducting  cavities,  see  figure  1,  designed  to  operate  up  to  a 
maximum  wall  dissipation  of  150  kW,  which  corresponds  to 
a  gap  voltage  of  about  1  MV.  The  cavities  are  designed  to 
have  maximum  shunt  impedance  for  the  accelerating  mode, 
while  the  higher-order  modes  (HOMs)  are  strongly  damped 
to  minimize  the  overall  machine  impedance. 

We  are  close  to  completion  of  the  first  high-power  RF 
cavity  for  PEP-II  and  the  lessons  learned  in  its  manufacture 
have  been  incorporated  into  the  plans  for  the  production  run 
of  cavities. 

IL  DESIGN 

The  RF  design  of  the  cavity  and  the  thermal  analysis 
have  been  described  previously  [2,3,4].  Implementation  of 
the  cooling  scheme  requires  the  complex  pattern  of  water 
channels  to  be  constructed  in  close  proximity  to  the  RF 
surface,  while  avoiding  any  potential  leak  paths  between 
water  and  vacuum.  This  is  achieved  by  cutting  the  channels 
into  the  outside  of  the  shell  that  forms  the  cavity  body  and 
the  outside  of  the  various  port  subassemblies,  while  not 
crossing  any  brazed  or  welded  joints.  The  individual 
channels  are  then  covered,  on  the  body  by  electroforming 
and  on  the  ports  by  brazing,  and  individual  inlets  and  outlets 
are  connected  in  series  or  parallel  as  appropriate. 

The  finished,  interior  surface  must  be  suitable  for  future 
cleaning  and/or  surface  treatments.  Therefore,  the  design 


*This  work  was  supported  by  the  U.S.  Department  of  Energy 
under  contracts  DE-AC03-76SF00098  (LBL),  DE-AC03- 
76SF00515  (SLAC),  and  W-7405-Eng-48  (LLNL). 


Figure  1:  Horizontal  cross  section  through  the  PEP-II  high- 
power  cavity  showing  the  coupler,  HOM  port,  beam  ports 
and  small  pick-up  port. 

must  avoid  leaving  any  cracks,  voids  or  crevices  on  the 
inside  surfaces  that  could  trap  cleaning  solvents  and  produce 
virtual  leaks.  For  this  reason  the  major  structural  joints  of  the 
cavity  are  made  by  deep  penetration  electron-beam  welding, 
with  the  arrangement  that  the  final  machined  RF  surface  is 
sufficiently  far  from  any  regions  of  porosity  associated  with 
the  root  of  the  weld.  Where  this  is  not  possible,  for  example 
final  joints  made  after  the  RF  surface  is  finished,  the  surface 
region  is  re-melted  with  a  cosmetic  weld  to  leave  a  smooth 
and  void-free  surface. 

Flanges  are  added  by  TIG  welding  to  stainless  steel 
inserts  brazed  into  the  port  subassemblies. 

III.  FABRICATION 

The  basic  cavity  body  is  made  from  two  bowls,  cold- 
formed  from  OFE  copper  plate,  which  are  electron-beam 
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welded  together  at  the  equator.  The  body  cooling  channels 
are  cut  into  the  outside  of  this  shell  by  CNC  multi-axis 
milling  and  then  filled  with  wax,  activated,  and  covered  with 
electroformed  copper,  figure  2.  The  bowl  is  then  turned  to 
the  nominal  outside  dimension  and  re-installed  in  the  milling 
machine  where  the  water  fitting  holes  are  prepared.  The 
cooling  channels  are  flushed  of  the  wax  and  then  pressure 
tested.  The  openings  for  the  HOM  and  equatorial  ports  are 
then  machined  into  the  cavity  body  and  the  assembly  is  leak 
checked. 

The  ports  are  machined  from  OFE  copper  billet,  with 
cooling  channels  cut  in  the  outside.  The  port  parts,  flange 
extensions  and  cooling  channel  covers  are  brazed  together 
and  leak  checked  prior  to  machining  the  joint  which  mates 
with  the  cavity  body. 


Figure  2:  Assembly  of  high-power  cavity  showing  body 
cooling  channels  on  one  half  (exposed),  equatorial  and  HOM 
port  inserts,  nose-cones  and  "lid”  section. 


The  equatorial  and  HOM  ports  are  clamped  in  place, 
tack  welded  and  then  joined  to  the  body  by  electron-beam 
welding.  The  HOM  port  joints,  which  are  accessible  through 
the  large  ”lid”  opening  on  one  side  of  the  cavity,  are  welded 
from  the  inside,  figure  3,  while  the  equatorial  ports  are 
welded  from  the  outside,  figure  4. 

Once  the  ports  are  welded  in  place,  the  interior  is 
machined  to  achieve  the  finished  RF  surface,  which  is  also 
facilitated  by  the  large  lid  opening.  This  is  an  interrupted  cut 
in  places  where  the  tool  passes  over  the  port  openings.  With 
care  a  surface  finish  better  than  24  micro-inches  is  attainable 
with  conventional  turning  using  tungsten  carbide  cutting 
tools.  After  surface  finishing  of  the  body,  the  cavity  is  tuned 
by  machining  the  nose-cone  sections.  These  are  clamped  in 
place  while  the  frequency  is  measured  and  then  removed  for 
machining.  Dummy  tuner  plungers  are  inserted  during  tuning 
and  the  temperature  and  dielectric  constant  of  the  purging 
gas  are  taken  into  account.  Frequency  changes  due  to 
vacuum  forces  and  weld  shrinkage  will  also  be  accounted  for 
in  production  versions.  These  effects  will  be  measured  in  the 
first  cavity  and  corrected  for  when  machining  the  real  fixed 
tuner. 


Figure  3:  HOM  port  electron  beam  welds.  Deep  weld 
and  shallow  re- melt  are  both  made  from  the  inside;  the  RF 
surface  is  cut  afterwards. 


Figure  4:  Equatorial  port  electron  beam  weld  joint.  Weld 
is  full  penetration  from  the  outside,  about  2  mm  is  removed 
from  the  inside  during  final  machining. 


The  HOM-side  nose  cone  and  a  larger  "lid"  containing 
the  other  nose  cone  are  then  electron-beam  welded  in  place, 
the  main  structural  welds  being  done  from  the  outside  with 
cosmetic  welds  done  on  the  inside  through  the  beam-port 
openings,  figure  5. 

After  inspection  and  final  cleaning  the  flanges  are  TIG 
welded  in  place  and  the  cavities  are  mounted  in  a  support 
raft,  figure  6,  plumbed  and  prepared  for  high-power  testing. 

IV.  TESTING 

It  is  intended  to  test  all  cavities  as  complete  assemblies, 
with  windows,  couplers  and  HOM  loads  attached,  before 
installation  in  the  tunnel.  The  cavities  will  be  fitted  with 
fixed  and  movable  tuners,  pick-up  loops  etc.,  and  placed  in 
the  test  bunker.  The  cavities  will  be  RF  conditioned  starting 
with  a  low-power,  low -duty  cycle  pulsed  mode  and  working 
up  to  full  power  and  CW  operation,  while  monitoring  cavity 
vacuum  and  window  performance.  The  first  cavity  will  be 
tested  this  summer  using  the  existing  500  kW  test  stand. 
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Figure  5:  Electron-beam  weld  joint  between  cavity  body 
and  nose-cone  subassembly.  Main  weld  is  done  from  the 
outside  and  crack  is  sealed  by  shallow  interior  weld.  The 
step  in  the  joint  makes  for  positive  alignment. 


alignment  in  the  tunnel,  using  adjustable  struts  under  each 
raft,  can  be  accomplished  with  the  more  easily  accessible  raft 
datum  points. 

VL  PRODUCTION 

Cold-forming  of  the  bowls  from  plate  minimizes 
material  waste  while  the  cost  of  the  dies  can  be  amortized 
over  the  production  run.  Lack  of  heat  in  the  process 
minimizes  migration  of  oxygen  through  the  copper,  while 
work  hardening  improves  the  machinability  of  the  material. 
The  CNC  machining  is  cost-effective  for  large-scale 
production  because  the  investment  in  tooling  and 
programming  is  similarly  amortized  over  a  large  number  of 
cavities.  In  production,  the  parts  will  be  processed  in  batches 
to  make  the  most  efficient  use  of  the  machine  set-up  for  each 
manufacturing  step.  Alternative  means  of  covering  the  port 
cooling  channels  may  be  entertained  for  the  production  run 
of  cavities  because  of  the  relatively  high  cost  of  machining 
the  components  to  the  tolerances  required  for  reliable 
brazing. 


Figure  6:  Cavity,  coupler,  window,  tuner,  pump  and 
HOM  loads  mounted  on  raft  for  installation 


V.  INSTALLATION 

The  tested  RF  cavity  raft  assemblies  will  be  delivered  to 
the  tunnel  in  a  clean  condition  and  installed  in  the  straight- 
section  vacuum  beam-line.  The  waveguide  will  be  connected 
to  the  klystron  gallery  and  the  water  manifolds  on  the  raft 
will  be  joined  to  the  supply  and  return  lines  by  flexible 
hoses.  All  electrical  and  control  cables  to  the  raft  will  be 
joined  locally  to  simplify  installation  and  maintenance.  In 
the  high-energy  ring  each  klystron  will  power  four  cavities 
while  in  the  low-energy  ring,  which  has  higher  current,  each 
station  will  power  only  two  cavities  [5].  Cavities  will  be  pre¬ 
surveyed  to  datum  points  on  the  raft  superstructure  so  that 


VIL  CONCLUSIONS 

Fabrication  of  the  first  high-power  cavity  has  provided 
many  lessons  which  have  been  incorporated  in  the  plans  for 
the  production  cavities.  Process  development,  particularly  in 
the  areas  of  electroforming  and  deep-penetration  electron- 
beam  welding  of  copper  have  given  us  confidence  that  we 
have  a  reliable  and  repeatable  fabrication  method. 
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I.  INTRODUCTION 

Characteristics  of  a  newly  designed  input  coupler  are 
presented.  The  coupler  was  designed  for  a  500  Mhz  damped 
cavity  [1]  to  be  installed  in  the  high-brilliant  VUV  and  soft 
X-ray  synchrotron  radiation  ring  planned  at  ISSP  [2]  and  in 
the  Photon  Factory  (PF)  storage  ring  with  a  high  brilliant 
configuration  [3].  The  design  study  of  the  coupler  has  been 
done  mainly  using  the  computer  code,  High  Frequency 
Structure  Simulator  (HFSS,  HP85180A),  which  can 
calculate  the  S-parameters  of  high  frequency  structures. 

IL  CHECK  OF  APPLICABILITY  OF  HFSS 

At  first,  we  compared  the  results  of  HFSS  with 
experimental  results  in  order  to  examine  how  HFSS 
realizes  the  rf  characteristics  of  the  structure  such  as  input 
coupler.  We  simulated  the  microwave  transmission  in  a 
cold  model  of  coupler  for  714  Mhz  cavity  to  be  installed  in 
ATF  (Accelerator  Test  Facility)  at  KEK  [4].  The  model 
coupler  was  fabricated  by  TOSHIBA  Corp.  Figure  1  shows 
the  frequency  dependence  of  VSWR  of  the  coupler.  Both 
results  of  calculation  by  HFSS  and  measurement  by 
TOSHIBA  are  plotted  in  the  figure.  Though  a  small 
difference  between  them  is  seen,  it  can  be  inerpreted  as 
due  to  the  reflection  at  the  transformers;  a  coaxial- 
rectangle  transformer  and  D  -  N  transformer  were  used  in 
the  measurement  and  both  of  them  had  VSWR  of  about 
1.05.  We  may  conclude  from  the  above  that  HFSS  is  well 
suited  to  a  design  of  an  input  coupler. 

III.  CALCULATION  OF  VSWR 
OF  APS  COUPLER 

Figure  2  shows  a  schematic  view  of  the  input  coupler 
which  is  used  for  the  508  Mhz  alternating  periodic  structure 
(APS)  cavity  of  the  TRISTAN  ring  at  KEK  [5].  We  chose 
the  APS  coupler  as  a  starting  point  of  our  design  study.  The 
APS  coupler  consists  of  a  coaxial  line  with  a  loop  antenna, 
a  cylindrical  ceramic  window  and  a  rectangular  waveguide. 
We  calculated  the  transmission  response  of  APS  coupler 
without  the  loop  antenna. 
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Figure  1:  VSWR  of  the  cold  model  of  ATF  input 
coupler. 
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The  closed  circles  in  Fig.  3  show  the  calculated  values 
of  VSWR.  As  shown  in  the  figure,  the  VSWR  at  the 
operating  frequency  of  508  Mhz  is  not  close  to  unity  but 
rather  large.  This  coupler  has  a  tapered  section  at  the  end 
of  coaxial  line  (see  Fig.  2),  which  transforms  the 
characteristic  impedance  Z  from  50  to  80fi.  This 
impedance  transformation  thus  causes  reflection:  an 
approximation  of  discontinuous  change  in  impedance  gives 
VSWR  =  1.6,  while  another  approximation  of  smooth 
change  gives  VSWR  =  1.48  very  close  to  the  calculated 
value  at  515  Mhz,  where  without  tapered  section  there  is 
almost  no  reflection  (see  the  open  circles  in  Fig.  3).  In  the 
latter  approximation,  the  reflection  coefficient  is  expressed 
as, 

r  =  ^  ^  log  Z{z)dz 

2^  dz 

which  gives  |r|  =  0.194. 


> 


Frequency  (MHz) 


Figure  3:  VSWR  of  APS  coupler  with  and  without 
tapered  section. 


IV.  MEASUREMENT  OF  COUPLING 
COEFFICENT  FOR  TWO  TYPES  OF  LOOP 
USING  A  PROTOTYPE  CAVITY 

In  order  to  experimentally  examine  the  effect  of  the 
tapered  part  on  coupling  coefficient,  we  made  two  types  of 
coupling  loop  model.  Figure  4  schematically  shows  the 
loop  models;  (a)  has  a  straight  coaxial  wave  guide  and  (b) 
has  a  tapered  coaxial  wave  guide.  We  attached  each  type 
of  model  to  the  coupler  port  of  a  prototype  cavity  as 
described  in  Ref  [1]  and  measured  the  coupling  coefficient 
P  with  a  Network  analyzer  (HP8510C).  Figure  5  shows  the 
dependence  of  loop  position  on  p.  The  tapered  type  has  a 
smaller  value  of  p  than  the  straight  type,  though  the  former 
has  aparently  a  larger  cross-section  for  coupling  to  the 
magnetic  field  in  the  cavity,  therefore  we  may  conclude 
that  the  striaght  type  (Fig.  4(a))  is  better  suited  to  an  input 
coupler  than  the  tapered  one. 


Figure  4:  the  model  loops. 
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Figure  5:  The  dependence  of  loop  position  on  p.  the 
abscissa  is  the  distance  between  the  center  of  cavity  and 
the  broken  lines  indicated  in  Fig.  4. 


V.  FINAL  DESIGN  OF  THE  INPUT 
COUPLER 

In  order  to  obtain  low-loss  transmission  of  500  Mhz 
microwave  through  the  input  coupler,  we  adjusted  the 
positions  of  the  short  plates  of  rectangular  waveguide  and 
coaxial  line  by  using  HFSS  (see  fig.  2).  The  frequency  at  a 
minimum  value  of  VSWR  tends  to  change  with  the  position 
of  the  short  plate  of  coaxial  line  (Fig.  6),  while  the 
minimum  value  itself  does  with  the  position  of  the  short 
plate  of  rectangular  waveguide  (Fig.  7).  the  lowest  value  of 
VSWR  at  the  frequency  of  500  Mhz  was  obtained  with  both 
short  plates  located  at  4.5  mm  outside  their  original 
position  of  the  APS  coupler.  The  VSWR  at  the  operating 
frequency  of  500  Mhz  is  almost  unity  (Fig.  8). 

A  cold  model  of  our  new  coupler  has  been  fabricated 
and  attached  to  a  prototype  cavity  made  of  aluminum,  the 
coupling  loop  was  mounted  at  the  position  of  280  mm  away 
from  the  center  of  cavity.  The  low  power  test  showed  that  P 
is  1,35.  it  is  equivalent  to  2.27  for  the  cavity  made  of  Cu. 
Recently,  we  fabricated  the  high  power  models  of  cavity 
and  coupler  (Fig.  9).  the  value  of  P  was  measured  to  2.35 
for  the  set  of  high  power  models. 
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coaxial  line. 


Figure  9;  Our  new  coupler. 
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Figure  7:  VSWR  versus  the  position  of  short  plate  of 
rectangular  waveguide.  The  position  of  short  plate  of 
coaxial  line  is  fixed  at  5.25  mm  outside  the  position  of 
APS  coupler. 
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Figure  8:  VSWR  of  our  new  coupler  and  that  of  APS 
coupler  without  its  tapered  section. 
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Abstract 

An  RF  system  for  KEKB  to  be  commissioned  in  FY1998  has 
been  designed.  The  key  issue  in  the  KEKB  RF  system  is  to  solve 
problems  arising  from  an  extremely  heavy  beam  loading,  since 
the  stored  current  is  much  higher  than  that  of  any  exsisting  storage 
rings.  This  paper  describes  an  overall  view  of  the  requirements 
and  the  design  of  KEKB  RF  system. 

L  INTRODUCTION 

An  asymmetric  two-ring  electron-positron  collider  for  B- 
physics  (KEKB)  will  be  commissioned  in  FY1998.  The  RF- 
related  machine  parameters  are  listed  in  Table  I  [1].  The  total  RF 
voltage  is  required  to  provide  the  short  bunch  length  (cr2=4mm) 
and  the  desired  synchrotron  tune  (v^).  From  a  beam  dynamics 
requirement  the  synchrotron  tune  should  be  variable  in  a  range 
from  0.01  to  0.02  in  order  to  find  the  best  operation  point  avoiding 
synchrotron-betatron  coupling  resonances.  Then  the  RF  voltage 
should  be  variable  in  a  range  of  10  MV  (LER)  and  10~20  MV 
(HER).  Wiggler  magnets  are  probably  installed  in  LER  in  order 
to  reduce  the  damping  time  from  43ms  to  23ms,  and  to  control 
the  emittance.  The  beam  power  in  LER  is  then  increased  from 
2.7  MW  to  4.5  MW. 

We  must  overcome  several  problems  arising  from  an  extremely 
heavy  beam  loading  on  RF  cavities.  A  high  stored  current 
with  many  bunches  causes  strong  coupled-bunch  instabilities.  A 
coupled-bunch  instability  due  to  the  accelerating  mode  occurs, 
because  of  a  large  detuning  frequency  caused  by  the  heavy  beam 
loading,  compared  with  a  small  revolution  frequency  (large  cir¬ 
cumference  ring).  If  we  use  conventional  normal-conducting 
damped  cavities,  the  growth  rate  is  extremely  high.  Thus  one 
of  the  key  issues  for  the  KEKB  RF  system  is  how  to  avoid  this 
instability. 

Other  requirements  for  the  cavity  related  with  the  heavy  beam 
loading  are:  the  higher  order  modes  (HOM’s)  should  be  suf¬ 
ficiently  damped  to  avoid  coupled-bunch  instabilities,  an  input 
coupler  should  be  able  to  handle  500  kW,  and  HOM  absorbers 
attached  to  the  cavity  should  work  normally  with  10  kW  of  HOM 
power.  In  addition,  the  heavy  beam  loading  needs  to  be  taken 
into  account  when  we  design  the  low  level  RF  control  system. 

IL  RF  SYSTEM 

A.  Accelerating  cavity 

In  order  to  avoid  the  coupled-bunch  instability  caused  by  the 
accelerating  mode,  a  new  normal-conducting  cavity  scheme  re¬ 
ferred  to  as  accelerator  resonantly  coupled  with  an  energy  storage 
(ARES)  was  proposed  at  KEK  [2]  [3]  [4].  It  employs  an  energy 
storage  cavity  which  couples  to  an  accelerating  cavity  via  a  cou¬ 
pling  cavity  in  between.  A  large  stored  energy  in  the  storage 
cavity  reduces  the  detuning  frequency  by  an  order  of  magnitude. 


Table  I 

RF-related  machine  parameters 


Ring 

LER 

HER 

Particle 

positron 

electron 

Energy 

3.5 

8.0 

GeV 

Beam  current 

2.6 

1.1 

A 

Bunch  length 

0.4 

cm 

Energy  spread 

7.4  X  lO--* 

6.7  X  10-'* 

Bunch  spacing 

0.59 

m 

Synchrotron  tune 

0.01-0.02 

0.01~0.02 

Mom.  compaction 

1  ~  2  X  10-'*  1 

~  2  X  10"'* 

Energy  loss/tum 

0.81VL5^*' 

3.5 

MeV 

RF  voltage 

5~10 

10~20 

MV 

RF  frequency 

508.887 

MHz 

Harmonic  number 

5120 

Damping  time 

43V23+^ 

23 

msec 

Radiation  Power 

2.174.0** 

3.8 

MW 

HOM  Power 

0.57 

0.14 

MW 

Total  Beam  power 

2.7*/4.5** 

4.0 

MW 

^  —  without  wiggler 
—  with  wiggler 


The  instability  is  sufficiently  suppressed  with  this  scheme.  A  1/5 
scale  cold  model  of  ARES  was  tested  and  the  design  principle 
was  proved  [5]. 

The  accelerating  cavity  of  ARES  must  be  a  damped  structure. 
We  adopted  a  HOM-damping  scheme  with  a  coaxial  waveguide 
equipped  with  a  notch  filter  to  block  the  accelerating  mode  [6] 
[7].  Based  on  the  calculated  R/Q  values  and  the  Q  values  of 
HOM’s,  the  growth  time  of  the  fastest  growing  mode  is  about 
60  msec  in  the  longitudinal  case  and  30  msec  in  the  transverse 
case  [1].  A  prototype  cavity  was  fabricated  and  tested  in  a  high 
power  operation.  It  was  successfully  tested  up  to  1 10  kW  of  wall 
dissipation  which  corresponds  to  a  gap  voltage  of  0.73  MV,  that 
is  beyond  the  design  value  [8]. 

Superconducting  cavity  is  fairly  immune  against  the  instability 
caused  by  the  accelerating  mode.  Although  the  growth  time  is 
still  faster  than  the  radiation  damping  time  in  the  case  of  LER,  we 
obtained  a  reasonable  parameter  set  in  the  case  of  HER,  where  it 
is  sufficiently  slow.  The  growth  time  of  the  instability  due  to  the 
HOM’s  is  also  slower  than  the  radiation  damping  time  in  HER. 
Thus  the  superconducting  cavity  is  considered  another  candidate 
in  HER.  Prototype  cavities  were  tested  in  liquid  helium.  The 
design  values  of  the  gap  voltage  and  the  Q-value  were  achieved 
[9]. 

A  beam  test  of  ARES  and  a  superconducting  cavity  in 
TRISTAN- AR  is  scheduled  in  1996.  The  cavities  will  be  tested 
with  a  stored  beam  of  up  to  500  mA. 
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Figure.  1.  A  block  diagram  of  each  RF  unit. 


Table  II 

RF  Operation  Parameters  for  the  ARES  Cavity 


B.  System  layout  and  operating  parameters 


The  RF  stations  for  LER  will  be  located  in  Fuji  straight  section 
and  those  for  HER  in  Oho  and  Nikko  straight  sections. 

A  block  diagram  of  each  RF  unit  is  shown  in  Figure  1.  A  508 
MHz  IMW  CW  klystron  will  feed  the  power  to  two  ARES  cavi¬ 
ties  or  one  superconducting  cavity  via  WR1500  wave  guides.  A 
circulator  protects  the  klystron  from  reflection  RF  power  coming 
back  toward  the  klystron. 

The  RF  operation  parameters  were  optimized  for  both  cases 
of  Vs  =  0.01  and  0.02  taking  followings  into  account. 

•  The  growth  time  of  the  instability  due  to  the  accelerating 
mode  should  be  slower  than  the  damping  time. 

•  It  should  also  meet  the  full  wiggler  option  in  LER. 

•  The  high  power  system  should  be  stably  operated. 

The  thus-determined  parameters  are  shown  in  Table  II.  The 
number  of  klystrons  needed  in  LER  and  HER  is  about  the  same 
as  that  having  been  used  in  TRISTAN.  The  existing  klystrons, 
together  with  the  power  supply  systems  and  the  cooling  systems 
for  the  klystrons,  wave  guide  components,  magic  tees  and  circu¬ 
lators  will  be  re-used  in  KEKB.  It  greatly  help  reduce  the  con¬ 
struction  cost.  Furthermore,  the  long-term  operation  of  TRIS¬ 
TAN  has  proven  the  reliability  and  stability  of  our  high  power 
system  up  to  800  kW. 


LER 

HER 

Energy 

GeV 

3.5 

8.0 

Current 

A 

2.6 

1.1 

Beam  power 

MW 

4.5 

4.0 

RF  voltage 

MV 

5 

10 

10 

20 

Synchrotron  tune 

0.01 

0.02 

0.01 

0.02 

#  of  Cavities 

10 

20 

20 

40 

R/Q 

f2/cav 

12.8 

12.8 

Go 

1.33  X 

10^ 

1.33 

X  10^ 

Ql 

o 

X 

2.6 

3.8 

4.0 

5.0 

Input  p 

4.05 

2.52 

2.35 

1.67 

Voltage 

MV/cav 

0.5 

0.5 

0.5 

0.5 

Input  power 

kW/cav 

595 

371 

345 

246 

Wall  loss 

kW/cav 

147 

147 

147 

147 

Detuning  ffeq. 

kHz 

15.9 

16.7 

6.7 

7.0 

Growth  time^ 

msec 

54 

36 

420 

250 

#  of  Klystrons 

lOttt 

10 

10 

20 

Klystron  power^"*^ 

kW 

640 

800 

740 

530 

Wiggler  magnets  are  included  in  LER. 
t  —  Coupled-bunch  instability  due  to  the  accelerating  mode. 

—  7  %  loss  at  wave  guide,  circulator,  magic  tee  etc.  is  taken 
into  account. 

ttt  —  jjj  case  one  klystron  feeds  one  cavity. 

C.  Feedback  loops 

Each  RF  unit  has  feedback  loops  to  control  the  cavity  field,  the 
klystron  output  and  cavity  tuners.  Phase  detection  is  conducted  at 
an  intermediate  frequency  of  1  MHz.  The  cavity  phase  should  be 
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controlled  with  an  accuracy  of  less  than  1  degree  to  maintain  the 
colliding  point  at  the  minimum  jS*  and  to  avoid  excess  generator 
power  into  the  cavity.  We  will  improve  the  accuracy  of  existing 
RF  reference  system  and  phase  control  modules  having  been  used 
for  TRISTAN.  In  addition,  we  will  use  a  computer-aided  phase 
correction  scheme,  where  the  input  power,  reflection  power,  and 
cavity  voltage  of  every  cavity  are  measured  and  then  the  phase 
error  of  each  cavity  is  calculated  and  corrected.  This  correction 
scheme  takes  advantage  of  the  high  beam-induced  voltage. 

The  ARES  requires  two  tuner  control  loops,  as  seen  in  Fig¬ 
ure  1;  one  is  for  the  accelerating  cavity  and  the  other  for  the 
storage  cavity.  The  accelerating  cavity  tuner  is  controlled  by  its 
phase  with  respect  to  the  input  phase,  which  is  the  usual  way 
to  compensate  for  the  reactive  component  of  the  beam  loading. 
The  storage  cavity  tuner  is  controlled  not  by  its  own  phase  but 
by  the  phase  of  coupling  cavity;  otherwise  the  tolerance  would 
be  extremely  severe  [10]. 

The  R&D  work  is  in  progress  for  an  RF  feedback  system  us¬ 
ing  a  parallel  comb  filter  [11].  It  reduces  the  coupling  impedance 
at  the  upper  synchrotron  sidebands  of  revolution  harmonic  fre¬ 
quencies.  It  will  be  applied  to  provide  additional  damping  for 
the  accelerating  mode  instability,  when  necessary. 

D,  Bunch  gap  transient 

The  effect  of  a  bunch  gap  was  evaluated  [12].  In  order  to  pre¬ 
vent  an  ion  trapping,  a  5%  ~  10%  bunch  gap  will  be  introduced  in 
HER,  The  bunch  gap,  however,  modulates  the  accelerating  field 
and  the  synchronous  phase.  The  luminosity  can  be  reduced  by 
the  displacement  of  the  collision  point  from  the  optimum  point 
with  the  minimum  jS*.  The  calculated  bunch  phase  modulation 
is  summarized  in  Table  III.  Note  that  the  phase  modulation  is 
much  smaller  owing  to  the  large  stored  energy,  compared  with  the 
case  of  conventional  normal-conducting  damped  cavities  where 
it  amounts  to  20  ~  30  degrees.  The  displacement  of  the  colliding 
point  can  be  further  reduced  by  introducing  a  corresponding  gap 
in  LER,  which  makes  a  similar  gap  transient  response  in  LER 
to  that  in  HER.  Figure  2  shows  the  relative  bunch  phase  without 
and  with  the  compensation  gap.  The  displacement  is  reduced  to 
less  than  0.5  degree  (=0.2(Tz),  which  is  acceptable. 

Table  III 

Bunch  phase  modulation  due  to  a  bunch  gap 


cavity 

gap  length 

bunch  phase  modulation 

in  HER 

(%) 

(p-p,  degree) 

with  compensation  gap? 
no  yes 


ARES 

10 

2.7 

~0.3 

5 

1.3 

~0.1 

see 

10 

4.9 

~0.5 

5 

2.4 

~0.3 

cj 


I 


W 

o 


Figure.  2.  Bunch  phase  modulation  due  to  a  bunch  gap  and  the 
effect  of  a  compensation  gap.  The  bunch  current  in  the  compen¬ 
sation  gap  is  set  50, 55, 60%  of  that  of  other  bunches. 


superconducting  squashed  crab  cavity  developed  under  KEK- 
Comell  collaboration  [7].  The  R&D  is  in  progress  aiming  at 
fabricating  full  scale  niobium  cavities  in  three  years  [13]. 
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Ill  CRAB  SYSTEM 

The  crab  crossing  is  considered  a  viable  fall-back  solution 
to  the  problems  encountered  with  the  finite  angle  (±11  mrad) 
crossing  scheme.  As  a  crab  cavity  we  adopted  the  design  of 
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RF  characteristics  were  measured  for  aluminum  1/5  scale 
cold  models  of  accelerator  resonantly-coupled  with  an  energy 
storage  (ARES)  for  KEKB.  The  main  purpose  of  ARES  is  to 
reduce  the  frequency  shift  due  to  the  detuning  of  the 
accelerating  cavity.  Measurement  has  shown  that  the 
frequency  shift  of  the  accelerating  (7i:/2)  mode  was 
substantially  reduced  compared  to  that  of  the  accelerating 
cavity  itself.  Two  parasitic  modes  (0  and  n)  of  ARES  have  to 
be  damped  so  that  they  should  not  cause  longitudinal  coupled 
bunch  instability.  The  coupling  waveguides  attached  at  the 
coupling  cavity  sufficiently  damped  these  parasitic  modes, 
while  having  negligible  effect  on  the  Q  value  of  the  7c/2-mode. 

L  INTRODUCTION 

The  coupled  bunch  instability  associated  with  the 
accelerating  mode  is  a  serious  problem  for  successful 
operation  of  large  ring  accelerators  with  a  high  current.  Its 
growth  rate  can  be  reduced  by  keeping  the  detuning  frequency 
sufficiently  smaller  than  the  revolution  frequency  at  the 
maximum  current.  The  original  idea  of  a  storage  cavity  (s- 
cavity),  which  was  directly  coupled  to  an  accelerating  cavity 
(a-cavity),  was  proposed  to  reduce  the  detuning  frequency  by 
reducing  R/Q  of  the  accelerating  mode  [1].  Accelerator 
resonantly-coupled  with  an  energy  storage  (ARES)  was 
devised  to  refine  the  original  idea  to  a  practical  level,  where 
the  two  cavities  are  coupled  through  another  cavity  called 
’’coupling  cavity"  (c-cavity)  [2-4].  Three  coupled  modes  are 
generated  according  to  a  coupled-resonator  model  of  ARES. 
They  are  designated  as  0-,  k12-  and  7C-mode  in  order  of 
increasing  frequency,  respectively.  The  nil-mode  is  used  as 
the  accelerating  mode.  This  three-cavity  system  has  several 
advantages  compared  with  the  original  two-cavity  scheme:  (i) 
the  accelerating  mode  is  stable  against  a  heavy  beam  loading, 
(ii)  the  coupled  bunch  effects  due  to  the  parasitic  0-  and  n- 
modes  almost  cancel  each  other  since  their  frequencies  can  be 
adjusted  to  be  equally  separated  from  the  RF  frequency,  (iii) 
furthermore,  the  two  parasitic  modes  can  be  damped  without 
damping  the  7c/2-mode  by  a  damping  device  coupled  to  the  c- 
cavity,  since  there  are  no  fields  at  the  center  of  the  c-cavity  for 
the  7c/2-mode.  Choke-mode  cavity  [5]  will  be  used  as  the  a- 
cavity.  An  separate  test  of  a  choke-mode  cavity  power  test 
model  was  very  successful  [6,7]. 

Two  aluminum  1/5  scale  cold  models  were  fabricated  to 
confirm  the  design  described  above.  As  the  s-cavity  mode,  the 
TE015  mode  of  a  cylindrical  cavity  is  used.  Their  a-cavity  is  a 
simple  pillbox  cavity  since  a  choke-mode  cavity  introduces 
undesirable  complexities  in  the  present  measurement.  No 
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coupler  for  damping  of  the  0-  and  7C-modes  are  installed  on  the 
model  fabricated  first,  which  is  used  for  studying  the  basic 
characteristics  of  ARES  without  damping,  while  the  c-cavity 
of  the  other  model  is  damped.  The  results  of  the  RF 
measurement  of  the  two  cold  models  are  presented  in  this 
paper. 

II.  MEASUREMENT 

A.  First  Model  without  Damping 

The  first  cold  model  without  a  damper  is  shown  in  Fig.  1 . 
In  order  to  realize  the  above  mentioned  advantages,  the 
individual  frequencies  of  the  three  cavities  must  be  tuned 
properly.  The  cold  models  are  equipped  with  two  tuners  for 
each  of  the  a-,  c-  and  s-cavities  driven  by  micrometers,  by 
which  the  resonant  frequencies  of  the  three  cavities  were 
adjusted  to  coincide  with  each  other.  First,  the  frequencies  of 
the  a-  and  s-cavities  were  tuned  independently  to  the  aimed 
frequency  of  the  accelerating  mode  while  the  c-cavity  was 
detuned  by  a  metallic  bar  in  it  to  decouple  the  a-  and  s- 
cavities.  Then  the  frequency  of  the  c-cavity  was  tuned  using 
Slater's  tuning  curve  method  with  the  a-cavity  detuned.  In  Fig. 
2,  the  frequencies  of  the  two  coupled  modes  between  the  c- 
and  s-cavity  are  plotted  as  a  function  of  the  tuner  position  of 
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Figure  1 :  First  cold  model  of  ARES  without  a  damper  at 
the  c-cavity. 
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Figure  2:  Tuning  curve  of  the  c-cavity 
to  the  frequency  of  the  s-cavity. 
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Figure  3:  Frequency  shift  by  a  metallic 
bead  in  the  a-cavity  as  a  function  of  the 
tuner  position  of  the  a-cavity. 


Figure  4:  Modified  c-cavity  for  coaxial 
couplers. 


the  c-cavity.  The  tuner  of  the  c-cavity  was  set  to  13.25  mm 
where  the  frequency  separation  between  the  two  coupled 
modes  is  minimum. 

One  of  the  most  prominent  features  of  the  7t/2-mode 
operation  is  the  mode  stability  against  the  frequency  change  of 
an  a-cavity.  Figure  3  shows  the  frequency  shift  by  a  (t)6 
metallic  bead  in  the  a-cavity  as  a  function  of  the  a-cavity  tuner 
position  for  three  different  c-cavity  tuner  positions.  The  plot  is 
an  almost  horizontal  line  with  the  c-cavity  tuner  position  of 
13.25  mm,  which  is  the  "tuned"  position  from  Fig.  2.  This 
indicates  that  the  ratio  of  the  stored  energy  in  the  a-  and  s- 
cavity  is  almost  unchanged  by  a  perturbation  to  the  a-cavity. 

The  measured  Q  value  of  the  7c/2-mode  is  3.3x10"^, 
which  corresponds  to  1.4x10^  for  a  full  scale  copper  cavity. 
The  effect  of  surface  finish  on  the  Q  value  was  estimated  by 
measuring  the  Q  value  of  a  pillbox  cavity  with  the  same 


material,  surface  finish  and  inner  shape  as  the  a-cavity  of  the 
cold  model,  which  we  call  "reference  pillbox"  here.  Taking 
this  effect  into  account,  the  measured  Q  value  of  the  nfl-modo 
is  0.85  times  the  value  calculated  by  MAFIA. 

The  shift  in  the  resonant  frequency  of  the  7c/2-mode  was 
measured  by  placing  a  small  metallic  bead  in  the  a-cavity  to 
simulate  the  effect  of  detuning.  The  ratio  of  this  frequency 
shift  to  the  shift  obtained  by  the  same  measurement  for  the 
reference  pillbox  was  0.069,  which  is  in  good  agreement  with 
the  expected  value  0.065.  This  means  that  R/Q  of  the 
accelerating  mode  is  reduced  by  a  factor  of  about  1/14.  This 
clearly  shows  that  the  detuning  of  the  ARES  7t/2-mode  due  to 
the  beam  loading  is  largely  reduced. 

B.  Second  Model  with  Damping 

The  next  cold  model  has  two  ports  for  coaxial  lines  at  the 
center  of  the  end  plates  of  the  c-cavity  as  shown  in  Fig.  2.  The 
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Figure  5:  Measured  transmission  between  beam  ports  at  a-cavity:  (a)  coupling  cavity  is  not  damped  and  (b)  is  damped. 
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Table  1:  Measured  parameters  of  the  0-  andTi-modes. 


/[MHz] 

Q 

RIQm* 

0-mode 

503.4 

110 

103 

7C-mode 

514.9 

150 

72 

coupling  cavity  was  damped  by  connecting  loads  to  these 
ports.  The  cavity  surface  around  the  inner  conductor  of  a 
coaxial  line  protrudes  into  the  cavity  like  a  nose  cone  for 
concentration  of  the  electric  field.  In  order  to  compensate  for 
the  frequency  drop,  part  of  the  cavity  was  filled  to  form  a 
racetrack-shaped  cylinder.  The  measured  transmission 
between  a  beam  port  and  an  end  plate  of  the  storage  cavity  is 
shown  in  Fig.  5:  (a)  the  coupling  cavity  is  not  damped  and  (b) 
is  damped. 

The  measured  frequency,  Q  and  RIQ  are  listed  in  Table  1. 
With  the  parameters  in  Table  1,  the  growth  time  of  the 
longitudinal  coupled  bunch  instability  is  calculated  to  be  17 
ms  for  20  ARESs  in  LER.  We  have  also  investigated  the 
response  of  the  growth  time  to  the  skewness  of  the  passband, 
which  is  defined  as 

|(/*-/./2)-(/./2-/o)| 

I/.-/0I 

It  was  found  that  the  growth  time  decreases  from  35  ms  to 
10  ms  as  the  skewness  increases  from  0  to  ~10  %. 


and  easy  installation.  Recent  study  on  the  coupled  bunch 
instability  due  to  the  accelerating  mode  and  expected 
available  power  in  KERB  suggests  that  the  TE013  s-cavity 
allows  a  stable  operation  even  in  LER  of  KERB.  The  two 
thick  solid  lines  in  Fig.  6  show  the  relation  between  R  and  RJQ 
with  the  ratio  of  stored  energy  in  the  a-  and  s-cavity  as  an 
implicit  variable.  Thin  solid  lines  are  contour  lines  of  the 
growth  time  of  the  longitudinal  coupled  bunch  instability  only 
due  to  the  accelerating  mode  assuming  20  ARESs  in  LER. 
From  Fig.  6,  R  of  TE013  is  roughly  20  %  less  than  that  of 
TE015  if  the  growth  rate  is  the  same. 

A  separate  TE013  storage  cavity  is  now  under 
construction  to  test  the  quality  of  Cu  electroplating  on  its  inner 
surface.  A  full-size  ARES  will  be  fabricated  by  late  1996  and 
installed  in  AR  to  be  tested  under  the  beam  of  500  mA.  The 
coupler  for  ARES  is  being  designed  [8]. 

IV.  CONCLUSION 

Basic  RF  characteristics  of  the  ARES  structure,  which 
was  proposed  for  use  in  high-current  and  low-emittance  rings, 
was  measured.  The  results  demonstrated  that  it  is  consistent 
with  theoretical  predictions.  In  addition  to  that,  the  two 
parasitic  modes  were  sufficiently  damped  for  use  in  RERB. 
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III.  ARES  for  KERB 

The  use  of  the  TE013  mode  as  an  operating  s-cavity  mode 
is  now  under  serious  consideration.  An  smaller  TE013  s-cavity 
has  practical  advantages  regarding  low  cost,  easy  optimization 
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Abstract 

The  waveguide  windows  in  the  PEP-II  RF  coupling  net¬ 
work  have  to  withstand  high  power  of  500  kW.  Traveling  wave 
windows  have  lower  power  dissipation  than  conventional  self- 
matched  windows,  thus  rendering  the  possibility  of  less  stringent 
mechanical  design.  The  traveling  wave  behavior  is  achieved  by 
providing  a  reflecting  iris  on  each  side  of  the  window,  and  de¬ 
pending  on  the  configuration  of  the  irises,  traveling  wave  win¬ 
dows  are  characterized  as  inductive  or  capacitive  types.  A  nu¬ 
merical  design  procedure  using  MAFIA  has  been  developed  for 
traveling  wave  windows.  The  relative  advantages  of  inductive 
and  capacitive  windows  are  discussed.  Furthermore,  the  issues 
of  bandwidth  and  multipactoring  are  also  addressed. 


I.  INTRODUCTION 

The  window  in  the  coupling  network  of  the  PEP-II  RF  cav¬ 
ity  must  transmit  up  to  500  kW  of  CW  RF  power  at  476  MHz 
to  the  cavity  and  must  also  handle  considerable  reflected  power 
due  to  sudden  beam-loss  conditions  [  1  ] .  The  waveguide  window 
used  in  PEP-II  is  a  ceramic  disk  mounted  on  an  iris  connected 
to  rectangular  waveguides  [2].  The  conventional  design  of  self- 
matched  windows  inherently  sets  up  a  large  standing  wave  with 
electric  field  maximum  within  the  window.  Because  of  the  large 
power  requirements  of  PEP-II,  this  leads  to  a  large  heating  load 
and  a  requirement  for  a  prestressed  mechanical  mounting  to  deal 
with  the  resultant  thermal  stress.  Traveling  wave  (TW)  win¬ 
dows,  on  the  other  hand,  can  reduce  the  heat  deposition  suffi¬ 
ciently  to  allow  conventional  mounting.  This  is  achieved  by  in¬ 
troducing  a  reflecting  iris  at  each  side  of  the  window  in  such  a 
way  that  the  reflection  at  the  reflecting  iris  cancels  that  at  the 
window- waveguide  interface.  TW  windows  can  be  divided  into 
inductive  and  capacitive  types,  depending  on  the  structure  of  the 
irises,  and  the  choice  affects  their  positioning  in  the  waveguides. 
A  capacitive  TW  window,  due  to  its  compactness,  has  been  in¬ 
corporated  into  the  layout  of  the  coupling  network  of  the  PEP-II 
RF  cavity  as  an  alternative  to  the  self-matched  window. 

IL  GENERAL  CONSIDERATIONS 

For  qualitative  insight,  we  assume  only  one  mode  (circular 
TEu»  for  our  case)  propagating  in  the  window  with  power  flow¬ 
ing  to  the  right.  The  electric  field  can  be  written  as: 


{cos{u)t  —  kzz)  Rcosiut  -\~hzZ 


)k 


(1) 
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where  J  ~  1  (a  is  the  cross  sectional  area  of  the  window), 
Z  is  the  impedance  of  the  waveguide  with  the  window  cross  sec¬ 
tion,  and  P  is  the  average  transmitted  power.  R  is  the  ratio  of 
the  wave  amplitudes  (left  going/right  going)  within  the  window 
and  is  equal  to  the  magnitude  of  Sn  looking  to  the  right.  For  a 
matched  window  it  is  also  equal  to  the  same  quantity  looking  to 
the  left.  We  have  taken  the  origin  of  the  coordinate  in  Eq.  1 
to  lie  at  the  maximum  of  the  standing  wave  pattern  and  note  that 
for  typical  self-matched  windows  (certainly  ours)  it  lies  within 
the  window.  In  general  and  R  =  0  for  the  pure  travel¬ 

ling  wave  case.  By  averaging  over  the  window  cross  section, 
it  can  be  shown  that  the  enhancement  factor  Pr  in  power  depo¬ 
sition  of  a  symmetric  self-matched  window  to  that  of  a  pure  TW 
window  is  given  by: 


1  H-  R 
1-R' 


(2) 


III.  DESIGN  PROCEDURE 


Figure  1.  1/4  MAFIA  model  of  the  self-matched  window. 


For  a  specified  configuration  of  a  mounting  iris  and  waveg¬ 
uides,  the  matching  of  a  self-matched  window  is  achieved  by  ad¬ 
justing  its  thickness  and  its  position  at  the  mounting  iris.  For 
TW  windows,  we  have  used  MAFIA  as  a  calculation  tool  for 
developing  a  systematic  design  procedure.  To  simplify  the  win¬ 
dow  development  program,  our  designs  have  been  based  upon 
the  self-matched  configuration  adopted  for  PEP-II.  The  self- 
matched  window  shown  in  Fig.  1  is  mounted  on  a  frame  with 
a  thickness  of  1.5"  for  the  purpose  of  accommodating  cooling 
channels.  The  air  side  waveguide  is  a  WR2100,  and  on  the  vac¬ 
uum  side  a  16"x9"  waveguide  is  connected  to  the  aperture  cou¬ 
pler  of  the  RF  cavity.  The  window,  a  ceramic  disk  with  dielectric 
constant  9.5  and  loss  tangent  0.00015,  has  a  diameter  of  9.75" 
and  a  thickness  of  0.7".  The  procedure  for  designing  a  TW  win¬ 
dow  is  described  as  follows. 

(1)  Determine  the  S-matrix  of  the  window-waveguide  junction. 

This  is  determined  by  the  geometry  shown  in  Fig.  2,  in 
which  the  window  is  represented  by  a  circular  waveguide  rilled 
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Figure  2.  1/4  MAFIA  model  of  a  ceramic-waveguide  junction. 

with  ceramic.  The  S-parameters  are  determined  by  driving  the 
TEii  mode  at  the  input  end  of  the  circular  waveguide. 

(2)  Determine  the  size  and  position  of  the  matching  element 

The  condition  which  must  be  satisfied  by  the  matching  ele¬ 
ment  (ME)  on  the  RHS  of  the  window  is 

Sxi{ME)  =  S;^,  (3) 

where  S22  refers  to  the  configuration  of  Fig.  2,  and  the  reference 
plane  on  the  LHS  of  the  ME  is  taken  to  coincide  with  that  on  the 
RHS  of  the  Fig.  2  configuration.  An  analogous  condition  applies 
to  the  ME  on  the  LHS  of  the  window.  Trial  dimensions  for  the 
ME's  were  obtained  from  analytic  formulas,  and  MAFIA  was 
used  to  trim  the  dimensions  so  that  Eq.  3  holds  for  the  absolute 
values.  From  the  phases  of  the  MAFIA  computed  elements  of 
S(ME)  one  can  use  standard  formulas  to  determine  the  position 
required  to  satisfy  Eq.  3  with  respect  to  phase.  The  procedure  is 
checked  by  appending  the  ME  on  the  RHS  of  the  Fig.  2  config¬ 
uration  and  confirming  the  absence  of  reflection  of  the  right  go¬ 
ing  wave  in  the  window.  If  evanescent  waves  generated  near  the 
ceramic  overlap  the  ME  or  vice  versa  (as  is  the  case  for  the  ca¬ 
pacitive  ME),  some  additional  trimming  may  be  required.  The 
analogous  procedure  is  followed  for  the  ME  on  the  LHS  of  the 
window.  Finally  the  entire  assembly  is  checked  for  match  using 
MAFIA.  Because  the  window  is  thin,  some  overlap  of  higher  or¬ 
der  mades  generated  on  the  two  sides  of  the  window  is  expected 
and  further  trimming  is  required  te  secure  a  match.  The  field 
distribution  in  the  entire  assembly  is  then  checked  to,  for  exam¬ 
ple,  compute  the  power  dissipation  ratio.  In  practice  some  of  the 
steps  described  above  are  skipped  as  the  “bottom  line”  is  simply 
to  obtain  a  matched  window  assembly  with  an  improvement  in 
power  dissipation  of  the  order  of  that  obtained  from  Eq.  2. 

IV.  SIMULATION  RESULTS 

(a)  Inductive  traveling  wave  windows 

The  inductive  TW  window  is  made  by  providing  vertical  bars 
along  the  heights  of  the  waveguides  as  shown  in  Fig.  3.  The 
thickness  of  the  matching  irises  is  chosen  to  be  0.25".  The  dis¬ 
tances  of  the  irises  from  the  window  in  the  WR2100  and  16"x9" 
waveguides  are  found  to  be  13.3"  and  18.9"  respectively.  This 
additional  space  poses  stringent  conditions  for  the  coupler  net¬ 
work  layout,  in  particular  when  the  detuned-short  position  is 
preferably  within  the  window.  The  required  iris  gaps  are  8.4" 
and  8.8"  for  the  two  waveguides. 

The  electric  field  pattern  in  the  structure  is  shown  in  Fig.  4. 
The  minimum  of  the  field  is  at  the  window,  while  field  maxima 
are  located  in  the  waveguides  between  the  matching  irises  and 
the  window,  indicating  the  set-up  of  standing  waves  in  these  re¬ 
gions.  The  power  distribution  in  the  window  is  shown  in  Fig.  5. 
The  power  dissipation  is  large  in  the  center  and  is  reminiscent  of 


Figure  3.  1/4  MAFIA  model  of  an  inductive  TW  window. 

the  TEii  mode  distribution.  Thus  higher-order  mode  effects  in 
the  window  are  small.  The  power  is  about  7.6  times  smaller  than 
that  of  the  self-matched  window,  where  field  maximum  is  found 
at  the  window.  The  self-matched  window  has  a  Si  1  ^  0.77  at  the 
window-waveguidejunction,  and  fromEq.  2,  Pr  =  7.7  which  is 
in  very  good  agreement  with  MAFIA  calculation.  The  dielectric 
loss  in  the  self-matched  window  is  157  W,  and  hence  the  loss  is 
20  W  for  the  TW  window. 
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Figure  4.  Electric  field  pattern  in  the  inductive  TW  window.  The 
plane  is  chosen  such  that  the  matching  irises  are  shown. 


Figure  5.  Power  distribution  in  the  inductive  TW  window. 

The  PEP-II  RF  feedback  system  requires  a  bandwidth  of 
5  MHz  for  3  db  transmission  and  a  group  delay  of  ^350  ns.  In 
Fig.  6,  we  show  the  variation  of  Sxi  of  the  window  assembly  as  a 
function  of  frequency.  The  bandwidth  satisfies  our  requirement. 
In  Fig.  7,  we  show  (j)2i  as  a  function  of  frequency.  Within  the 
relevant  bandwidth,  the  phase  variation  is  linear.  Subtracting  the 
group  delays  of  the  waveguides  in  the  window  assembly  from  the 
slope  calculated  from  Fig.  7,  the  additional  time  delay  due  to  the 
window  assembly  is  14.3  ns,  which  is  relatively  small  compared 
with  the  total  allowed  group  delay. 

(b)  Capacitive  Traveling  Wave  Windows 
The  capacitive  TW  window  is  made  by  providing  horizontal 
bars  along  the  widths  of  the  waveguides.  Since  the  waveguide 
TEio  mode  has  its  electric  field  in  the  vertical  direction,  the  small 
gap  width  between  the  bars  introduces  high  field  gradient.  The 
gap  width  can  be  increased  by  using  thicker  matching  irises.  Fur¬ 
thermore,  the  irises  are  found  very  close  to  the  window.  For  a 
single  gap  design,  the  power  distribution  highly  peaks  around 
the  center  of  the  window,  making  cooling  difficult.  Thus  we  in¬ 
troduce  a  double  gap  configuration  as  shown  in  Fig.  8.  In  the 
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Figure  6.  Sn  as  a  function  of  frequency  for  the  inductive  and 
capacitive  TW  windows. 


Figure  7.  <j)2i  as  a  function  of  frequency  for  the  inductive  and 
capacitive  TW  windows. 

WR2100,  the  iris  thickness  is  3'',  the  gap  width  is  1.6",  and  the 
distance  of  the  irises  from  the  window  is  0.94".  In  the  16"x9" 
waveguide,  the  iris  thickness  is  4",  the  gap  width  is  1 .3",  and  the 
distance  of  the  irises  from  the  window  is  0.91". 


Figure  8.  1/4  MAFIA  model  of  a  capacitive  TW  window. 


The  electric  field  pattern  in  the  structure  is  shown  in  Fig,  9. 
The  field  is  small  at  the  window,  while  field  maxima  appear  in 
the  gaps  of  the  matching  irises.  For  500  kW  average  power,  the 
peak  fields  are  0.54  kV/cm  and  0.35  kV/cm  in  the  16"x9"  and 
WR2100  waveguides,  respectively.  It  is  anticipated  that  round¬ 
ing  and  coating  of  the  irises  will  be  required  to  avoid  multipactor- 
ing  at  the  vacuum  side  and  arcing  at  the  air  side.  The  power  dis¬ 
tribution  in  the  window  is  shown  in  Fig.  10.  The  distribution  is 
more  uniform  than  that  of  the  inductive  case,  peaks  at  a  distance 
away  from  the  center,  and  is  not  purely  TEn-like,  presumably 
because  of  the  closeness  of  the  matching  irises  to  the  window. 
The  total  dielectric  loss  is  about  6.6  times  smaller  than  that  of 
the  self-matched  window.  This  corresponds  to  24  W  loss  for  500 
kW  average  power  from  the  klystron. 

Form  Figs.  6  and  7,  the  bandwidth  is  broader  than  that  of  the 
inductive  TW  window  and  the  additional  group  delay  of  the  win¬ 


dow  assembly  is  3.3  ns,  which  are  within  the  PEP-II  require¬ 
ments. 


Figure  10.  Power  distribution  in  the  capacitive  TW  window. 

V.  SUMMARY 

The  relative  advantages  of  the  TW  windows  compared  with 
the  self-matched  window  are  summarized  in  Table  1 .  The  capac¬ 
itive  TW  window  is  a  superior  design  in  terms  of  its  compact¬ 
ness,  broad  bandwidth,  small  group  delay  and  almost  7  times  less 
dielectric  loss  than  the  self-matched  window.  Despite  its  com¬ 
plexity  compared  with  the  self-matched  window,  it  is  an  attrac¬ 
tive  alternative  for  handling  high  power  throughput  of  the  PEP-II 
B-Factory. 


Window 

type 

Relative 
power  loss 

Bandwidth 

(MHz) 

Group 
delay  (ns) 

Self-matched 

1 

acceptable 

small 

Inductive  TW 

0.13 

acceptable 

14.3 

Capacitive  TW 

0.15 

acceptable 

3.3 

Table  1.  Comparison  of  the  self-matched,  inductive  TW  and  ca¬ 
pacitive  TW  windows. 
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Abstract 

The  impedance  spectrum  presented  by  the  PEP~II  RF  cav¬ 
ity  to  the  beam  is  calculated  using  a  3D  MAFIA  model  which 
includes  the  damping  waveguides  and  the  input  coupler.  The 
simulation  assumes  that  all  the  ports  leading  out  of  the  cavity, 
including  the  beam  pipes,  are  terminated  in  matched  loads.  The 
effect  of  the  external  loading  on  the  longitudinal  impedances 
will  be  examined.  This  study  takes  into  account  the  input  cou¬ 
pler  damping  which  has  not  been  considered  in  previous  calcu¬ 
lations  [1]. 

L  INTRODUCTION 

There  is  an  ongoing  program  at  SLAC  to  minimize  the 
ring  impedances  in  the  PEP-II  B  Factory  [2].  PEP-II  is  a  high- 
current  storage  ring  in  which  both  longitudinal  and  transverse 
coupled  modes  will  be  excited.  These  are  Wakefields  generated 
by  the  narrow-band  (high-Q)  impedance  in  the  ring  that  can 
cause  different  beam  bunches  to  interact.  The  coupled-bunch 
motion  if  left  uncontrolled,  can  drive  the  beam  unstable  at  high 
beam  currents.  Most  of  the  high-Q  resonances  in  the  ring  are 
attributed  to  the  Higher-Order-Modes  (HOMs)  of  the  RF  cavi¬ 
ties.  A  distinct  feature  in  the  PEP-II  cavity  design  is  a  set  of 
damping  waveguides  to  couple  the  HOMs  out  to  external  loads. 
By  heavily  loading  these  modes,  their  contributions  to  the  ring 
impedance  budget  can  be  greatly  reduced. 

IL  PEP-II  RF  CAVITY 

The  HOM  damping  scheme  for  the  PEP-II  RF  cavity  con¬ 
sists  of  three  symmetrically  placed  waveguides  around  the  cav¬ 
ity  wall  and  connected  with  the  cavity  volume  through  iris  aper¬ 
tures  (Fig.  1).  The  positioning  of  the  apertures  are  such  that 
they  interrupt  the  current  flow  of  the  most  harmful  HOMs.  The 
waveguides  are  dimensioned  to  allow  the  HOMs  to  propagate 
while  cutting  off  the  fundamental  mode  so  that  it  is  minimally 
perturbed.  This  design  was  tested  on  a  low-power  prototype 
cavity.  In  Fig.  2,  we  show  the  transmission  {S21)  data  between 
probes  on  opposing  beam  pipes  up  to  1 .4  GHz  (reproduced  from 
Ref.  [1]).  When  compared  with  the  undamped  response,  the 
fundamental  mode  at  around  480  MHz  is  relatively  unchanged 
(waveguide  cutoff  is  at  600  MHz).  The  HOM  Q' s,  however,  are 
significantly  lowered;  for  example,  the  TMqh  mode  at  around 
750  MHz  is  loaded  to  a  Q  of  28,  down  from  a  calculated  un¬ 
loaded  Qo  of  around  40000.  Because  the  probes  couple  differ¬ 
ently  to  different  modes,  one  cannot  take  the  relative  amplitudes 
of  the  peaks  of  the  modes  as  a  good  measure  of  their  relative 
impedances.  An  impedance  spectrum,  however,  is  essential  for 
detail  studies  of  the  collective  effects  to  determine  beam  insta¬ 
bilities. 

*Work  supported  by  the  Department  of  Energy,  contract  DE-AC03- 
76SF00515. 


Figure  1.  MAFIA  model  of  the  PEP-II  RF  cavity. 

III.  PREVIOUS  IMPEDANCE  ANALYSIS 

The  impedances  of  the  longitudinal  and  transverse  HOMs 
in  the  undamped  (axi symmetric)  PEP-II  cavity  have  been  calcu¬ 
lated  with  the  2D  URMEL  code.  HOMs  with  high  impedances 
were  targeted  by  the  damping  waveguides.  The  damping  effect 
in  the  prototype  cavity  was  studied  with  the  Kroll-Yu  method  [3] 
which  calculates  the  frequencies  and  Q's  of  the  cavity  modes  by 
assuming  the  waveguides  are  terminated  in  matched  loads.  It 
made  use  of  the  eigenmodes  provided  by  fully  3D  codes  such 
as  MAFIA,  but  with  the  waveguides  shorted  at  various  lengths. 
This  indirect  method  is  necessary  because  the  eigenmode  solver 
cannot  easily  handle  complex  frequencies  when  loss  is  included. 

There  is  generally  good  agreement  between  the  analytical 
results  and  measured  data  up  to  1.2  GHz.  Above  that  frequency, 
the  second  waveguide  mode  is  not  cut  off  and  the  Kroll-Yu 
method,  which  assumes  a  single  waveguide  mode,  may  not  give 
reliable  results.  The  POPBCI  [4]  code  does  not  have  this  limita¬ 
tion  and  uses  similar  numerical  input  to  generate  an  impedance 
spectrum.  It  modeled  the  PEP-II  cavity  with  some  success  but 
no  further  work  with  it  was  carried  out. 

A  good  estimate  of  the  effective  impedance  can  be  ob¬ 
tained  from  the  R/Q  calculated  with  URMEL  and  from  the  Q 
measured  in  the  damped  cavity.  The  results  indicate  that  the 
damped  modes  are  reduced  to  a  level  that  is  within  the  capabil¬ 
ity  of  the  broad-band  feedback  system.  The  possibility  of  fur¬ 
ther  damping  these  modes  through  the  drive  port  for  example, 
is  being  considered.  We  point  out  that  the  fundamental  shunt 
impedance  loss  due  to  the  HOM  damping  scheme  is  10%  from 
the  MAFIA  analysis. 
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Figure  2.  Mode  spectrum  of  low-power  test  cavity  with  damped 
waveguides. 

IV.  THE  MAHA  TIME-DOMAIN  MODEL 

A  straightforward  way  to  calculate  the  impedance  is 
through  the  Fourier  transform  of  the  wake  potential.  One  moves 
a  bunch  charge  along  the  beam  axis  of  the  cavity  and  from  the 
Wakefields  it  generates,  it  is  possible  to  obtain  the  wake  poten¬ 
tial  by  numerical  integration.  For  cavities  of  arbitrary  shape, 
codes  like  TBCI  in  2D  and  MAFIA  in  3D  are  commonly  used 
for  such  calculations.  Normally  in  an  accelerator  cavity,  the 
impedance  spectrum  consists  of  narrow-band  contributions  be¬ 
low  the  beam-pipe  cutoff  and  a  broad-band  portion  that  extends 
above  it.  The  narrow-band  impedance  comes  fi*om  cavity  reso¬ 
nances  which  contribute  to  the  long-range  wake  potential.  With¬ 
out  loss,  they  are  delta  functions  which  are  best  evaluated  in 
the  frequency  domain  using  eigenmode  solvers.  The  spectrum 
above  cutoff  is  due  to  a  continuum  of  beam-pipe  modes,  and 
contributes  to  the  short-range  wakes  that  time-domain  calcula¬ 
tions  can  treat  more  effectively. 

In  this  paper,  we  describe  a  time-domain  approach  to  cal¬ 
culate  the  impedance  spectrum  for  the  PEP-II  damped  cavity, 
including  the  narrow-band  contributions,  with  the  following  jus¬ 
tifications.  First,  the  frequency  domain  methods  have  been  suc¬ 
cessful  in  analyzing  only  a  small  number  of  modes.  Second,  as 
seen  in  Fig.  2,  most  of  the  HOMs  no  longer  have  sharp  peaks 
but  are  broadened  by  damping.  Since  the  frequency  spacing  in 
the  spectrum  varies  as  the  inverse  of  the  total  wake  distance,  it 
is  possible  to  resolve  many  of  the  reasonably  low  Q  modes  if 
we  calculate  the  wakefield  out  to  large  enough  distance.  Third, 
broad-band  waveguide  boundary  conditions  are  now  available  in 
the  MAFIA  time-domain  module,  so  that  not  only  the  standard 
beam  pipes  can  be  modeled.  The  damping  waveguides  as  well  as 
other  3D  insertions  such  as  the  input  coupler  can  also  be  prop¬ 
erly  treated  with  matched  terminations  at  their  end  planes.  A 
passing  bunch  charge  then  comes  very  close  to  interacting  with 
the  realistic  cavity,  and  one  can  calculate  the  impedance  spec¬ 
trum  from  the  wakefields  it  generates  in  a  direct  and  straightfor¬ 
ward  manner. 

V.  WAKEFIELD  CALCULATION 

We  model  one  half  of  the  geometry  to  take  advantage 
of  symmetry.  The  symmetry  plane  splits  the  cavity,  the  top 
waveguide  and  the  iris  coupler  but  leaves  the  side  waveguide 
intact  (hence  also  the  one  on  the  opposite  half).  The  wake- 
field  calculation  requires  driving  a  bunch  charge  along  the  beam 
axis.  The  PEP-II  nominal  bunch  length  az  is  1  cm  and  nu¬ 
merically  it  is  preferable  to  have  at  least  5  mesh  points  per 
bunch  length  or  a  .2  cm  mesh  size.  For  the  half  cavity  dimen¬ 


sions  of  30cmxl5cmx50cm,  this  translates  to  many  millions  of 
mesh  points,  even  without  the  waveguide  and  coupler  attach¬ 
ments.  Furthermore,  the  time  step  would  accordingly  be  small 
(the  Courant  condition)  so  simulation  time  would  be  very  long, 
especially  when  we  calculate  wakes  out  to  large  distances. 

In  the  simulation,  we  used  about  six  mesh  points  per 
bunch  length  and  a  of  2  cm  (the  narrow-band  impedance 
does  not  depend  on  the  bunch  length).  The  mesh  constructed  on 
this  grid  scale  contains  close  to  three  million  mesh  points.  The 
wakefield  calculation  was  carried  out  to  s=40  m,  where  5  is  the 
bunch  coordinate.  Two  separate  runs  were  made;  one  with  and 
one  without  the  iris  coupler  to  distinguish  any  additional  damp¬ 
ing  effect. 


Figure  3.  Short-range  and  long-range  wakefields  in  the  PEP-II 
RF  cavity. 


The  top  plot  in  Fig.  3  shows  the  short-range  longitudinal 
wakefield  up  to  s  -A  m,  while  the  bottom  plot  shows  the  wake 
over  the  full  range  (40  m).  The  short-range  wakefield  is  not 
affected  by  the  damping  waveguides  and  agrees  with  previous 
TBCI  results  on  the  undamped  cavity.  The  longe-range  wake¬ 
field  exhibits  persistent  oscillations,  indicating  the  presence  of 
high-Q  resonances  in  the  cavity.  A  snapshot  of  the  electric  field 
distribution  in  the  symmetry  plane  of  the  cavity  at  large  time  is 
given  in  Fig.  4.  It  shows  predominantly  the  fundamental  mode 
which  is  undamped  and  is  responsible  for  the  large  persistent 
oscillation  in  Fig.  3.  We  also  see  fields  in  the  beam  pipes,  the 
damping  waveguide  and  the  iris  coupler  as  well.  A  series  of  sim¬ 
ilar  snapshots  will  verify  that  these  are  outgoing  waves  leaving 
the  cavity.  In  MAFIA,  one  can  monitor  the  fields  crossing  the 
waveguide  boundaries  so  that  the  power  spectrum  can  be  found 
at  each  of  the  ports  also. 
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Figure  4.  Electric  field  distribution  at  large  time. 

VI.  IMPEDANCE  SPECTRUM 

From  the  wakefield  of  Fig.  3,  one  obtains  the  impedance 
spectrum  by  Fourier  transform  and  then  divides  by  the  bunch 
spectrum.  The  top  plot  in  Fig.  5  shows  the  result  for  the  no  cou¬ 
pler  case  whereas  the  bottom  plot  is  with  coupler  included.  In 
both  spectra,  we  easily  identify  three  familiar  peaks  in  the  fre¬ 
quency  range  up  to  1 .5  GHz.  These  are  the  modes  with  the  three 
highest  effective  impedances,  and  correspond  to  the  fundamen¬ 
tal  mode  near  480  MHz,  the  TMqh  at  760  MHz  and  the  TM021 
near  1.3  GHz  respectively.  Note  that  the  TM020  peak  that  was 
visible  around  1  GHz  in  Fig.  2  is  not  present  because  it  has  neg¬ 
ligible  residual  impedance.  The  primary  interest  here  is  not  in 
the  fundamental  mode  although  it  constitutes  the  main  contri¬ 
bution  to  the  long  range  wakefield.  Since  it  is  not  damped,  the 
resonance  broadening  of  the  peak  is  due  to  artificial  damping  in¬ 
troduced  by  applying  the  Fourier  transform. 

To  calculate  the  impedance  and  the  Q  of  the  HOMs,  sev¬ 
eral  factors  have  to  be  taken  into  consideration.  First  and  fore¬ 
most  is  the  graininess  of  the  frequency  data  which  determines 
how  well  one  can  resolve  a  resonance  peak.  We  will  fit  each 
peak  with  a  Breit-Wigner  resonant  form  to  get  improved  accu¬ 
racy.  The  other  factor  is  the  artificial  damping  we  alluded  to 
earlier  and  this  has  to  be  subtracted  out  from  the  Breit-Wigner 
solution.  Yet  another  factor  is  the  error  incurred  from  mesh  dis¬ 
cretization,  and  this  effect  is  especially  pronounced  in  approx¬ 
imating  the  side  waveguide  and  the  iris  opening  into  the  cav¬ 
ity.  As  a  result,  the  waveguide-cavity  coupling  is  different  from 
that  in  the  physical  cavity.  However,  one  can  correct  for  it  from 
knowing  the  power  ratio  between  the  top  and  side  waveguides. 

The  results  on  the  TMqu  mode  after  these  factors  are  in¬ 
cluded  agree  very  well  with  previous  analysis.  We  found  a  Q 
of  28.6  versus  28  from  measurement  and  26  from  the  Kroll-Yu 
method.  The  impedance  is  1.3  kf}  versus  1.26  from  the  estimate. 
For  the  TM021  mode  near  1.3  GHz,  the  error  due  to  limited  data 
points  is  large.  The  frequency  spacing  for  a  wake  distance  of 
40  m  is  7.5  MHz,  so  at  1.3  GHz  this  resolution  limits  to  a  Q  of 
several  hundred.  The  measured  Q  is  900  which  means  a  smaller 
frequency  spacing,  and  correspondingly  a  larger  wake  distance, 
is  needed.  MAFIA  has  a  restart  option  so  one  can  in  princi¬ 
ple  extend  the  simulation  indefinitely  to  get  finer  resolution  pro¬ 
vided  that  numerical  errors  are  not  a  factor.  Nevertheless  with 


Figure  5.  Longitudinal  impedance  spectrum  as  a  function  of 
frequency  for  the  cavity  with  and  without  coupler. 


the  present  data,  we  extracted  a  Q  of  370  without  coupler  and 
160  with  coupler,  which  is  a  factor  of  two  reduction.  A  separate 
analysis  without  the  beam  gives  a  reduction  factor  of  three  [5]. 

VII.  DISCUSSION 

We  have  presented  a  time-domain  wakefield  analysis  of 
the  PEP-II  RF  cavity  which  includes  the  effect  of  external 
loading  directly.  The  longitudinal  impedance  spectrum  for  the 
waveguide-damped  cavity  is  calculated  with  and  without  the  in¬ 
put  coupler.  The  agreement  with  previous  results  is  good  for 
low  Q  modes  because  of  better  resolution.  We  believe  that  by 
using  a  longer  bunch  to  save  in  total  mesh  size,  and  calculating 
to  larger  wake  distance,  even  higher  Q  modes  can  be  adequately 
resolved.  This  approach  has  the  potential  of  providing  a  more 
complete  model  for  the  narrow-band  impedance  than  was  done 
previously. 
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We  have  previously  described  [1]  a  fully  automated 
"bead"  puller  system  which  can  be  used  to  measure  both 
longitudinal  and  transverse  field  profiles.  Converting  bead- 
puller  data  to  impedances  requires  knowledge  of  the  Q- 
values  of  the  individual  modes.  A  second  system  enables 
us  to  acquire  cavity  spectra  and  then  simultaneously  fit  up 
to  three  resonances  plus  a  uniform  background.  R/Q 
measurements  on  the  "bare"  cavity  (i.e.,  with  only  the  beam 
ports  open)  have  been  consistent  with  predictions  by 
URMEL.  Due  to  overlapping  resonances,  we  have  not 
been  able  to  measure  R/Q  for  many  of  the  damped  modes, 
but  for  those  for  which  we  have,  there  is  generally  good 
agreement  with  the  undamped  cases.  Assuming  this  to  be 
true  in  general,  we  use  the  measured  Q-values  for  the 
damped  modes  in  conjunction  with  the  "best  available" 
measured  R/Q,  and  conclude  that  with  a  few  possible 
exceptions  (which  if  need  be  can  be  dealt  with  by  addi¬ 
tional  dedicated  dampers),  the  damping  for  the  higher  order 
modes  is  adequate  for  the  operation  of  the  machine. 

I.  INTRODUCTION 

The  main  purpose  of  this  investigation  was  to  see 
whether  the  higher-order-mode  (HOM)  dampers  which  are 
to  be  installed  on  the  PEP-II  B-Factory  RF  cavities[2] 
reduce  the  impedances  of  these  modes  sufficiently  that  any 
coupled-bunch  oscillations  which  they  caused  could  be 
coped  with  by  the  proposed  feedback  systems.  Ideally,  one 
need  only  measure  the  R/Q’s  and  corresponding  Q's  of  the 
various  HOM’s  for  the  damped  cavity  (we  use  "R"  to 
denote  the  [transit-time-corrected]  shunt  impedance  [3]). 

To  determine  the  R/Q  of  the  various  cavity  modes,  we 
used  the  well-established  "bead-pulling"  technique  (see, 
e.g..  Ref  1,  which  also  describes  the  automated  system 
which  we  developed  for  making  such  measurements.)  To 
convert  from  R/Q  to  R  ,  it  is  necessary  to  know  Q.  Even 
for  the  undamped-cavity  spectra,  adjacent  peaks  not  infre¬ 
quently  interfere  with  one  another;  for  the  damped  case,  the 
situation  is  both  more  frequent  and  more  severe.  In  the 
latter  cases,  not  only  is  it  generally  not  possible  to  do  bead- 
pull  measurements,  but  it  is  difficult  even  to  extract  Q 
values.  We  have  been  able  in  most  instances  to  deal  with 
the  latter  problem  by  developing  a  multiple-peak  fitting 
routine,  which  can  simultaneously  fit  three  peaks  (plus  a 
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background).  If  one  can  then  assumes  that  the  R/Q’s  for  the 
damped  cavity  modes  are  the  same  as  those  for  the 
undamped  cavity,  the  impedances  for  the  damped  cavity 
will  simply  scale  with  Q. 

Because  R/Q  depends  only  on  geometry,  normally  one 
can  assume  that  it  is  independent  of  damping.  However, 
for  the  B-Factory  cavity,  the  dampers  take  the  form  of  three 
identical  absorber-containing  waveguides  (whose  cutoff 
frequency  is  greater  than  the  frequency  of  the  fundamental 
mode)  [2].  If  one  tries  to  produce  an  undamped  cavity 
simply  by  removing  the  absorber,  the  waveguides  them¬ 
selves  become  resonant  cavities,  and  for  much  of  the 
frequency  range,  the  resulting  structure  behaves  like  a 
system  of  coupled  resonators  whose  field  shapes  differs 
considerably  from  those  of  the  damped  cavity.  As  a  result 
it  was  necessary  to  remove  the  waveguides  when  measur¬ 
ing  the  undamped  system.  This  removal  was  done  in  two 
different  ways:  physically  removing  them,  (and  covering 
the  blank  flanges  with  copper  tape),  and  taping  over  the 
apertures  on  the  inside  of  the  cavity. 

The  present  paper  describes  the  various  approaches  we 
used  to  obtain  the  impedances  of  the  various  HOM's  of  the 
cavity.  Included  are  brief  descriptions  of  some  of  the  prob¬ 
lems  encountered,  and  techniques  used  to  overcome  them. 
We  also  describe  briefly  the  multiple-peak  fitting  routine, 
along  with  examples  of  its  effectiveness.  To  evaluate  the 
validity  of  using  calculated  or  undamped  R/Q’s  in  situations 
in  which  the  damped  R/Q's  cannot  be  measured,  we  present 
comparisons  between  URMEL  calculations  and  measure¬ 
ments,  and  between  measurements  on  the  damped  and 
undamped  cavity.  Finally,  we  present  our  current  "best 
estimates"  of  the  impedances  for  the  various  modes. 

II:  DATA  ACQUISITION  AND  ANALYSIS 

Without  doubt,  the  greatest  source  of  difficulty  in  the 
present  series  of  measurements  was  the  profusion  of 
overlapping  modes.  This  causes  a  problem  not  only  with 
resolving  the  peaks,  but  more  basically,  with  identifying 
them.  A  variety  of  techniques  were  used  in  dealing  with 
these  problems.  Before  discussing  them,  a  brief  discussion 
of  the  measurement  method  may  be  useful. 

Both  the  cavity  spectra  and  the  R/Q  frequency-shift 
measurements  were  obtained  in  the  same  fashion.  An  axial 
probe  was  inserted  at  either  end  of  the  cavity,  at  a  radial 
position  a  few  millimeters  inside  the  nose  cone,  and  axially 
flush  with  it.  The  probes  were  mounted  on  copper  sleeves 
that  were  inserted  in  the  beam  tubes  at  either  end  of  the 
cavity,  and  could  be  rotated  about  the  beam  tube  axis  to 
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vary  the  azimuthal  position  of  the  probes.  A  network 
analyzer  was  connected  to  the  probes,  and  the  cavity's  S21 
response  was  measured. 

Basically  we  had  three  tools  at  our  disposal  in  dealing 
with  problems  of  peak  identification  and  resolution.  The 
first  of  these,  probe  orientation,  was  applicable  to  both 
problems.  For  determining  Q  values,  the  multiple  peak¬ 
fitting  program  was  an  extremely  effective  way  of  dealing 
with  the  resolution  problem;  however,  other  than  as  a 
diagnostic  tool,  it  was  of  little  help  in  the  R/Q  measure¬ 
ments.  Oddly  enough,  a  third  tool  in  the  identification 
process  was  the  bead-puller  itself,  particularly  when  used 
in  conjunction  with  the  URMEL  field  calculations.  We 
discuss  each  of  these  briefly. 

Probe  orientation.  This  tool  is  particularly  useful  in 
cases  where  the  azimuthal  symmetry  of  the  cavity  is  strong¬ 
ly  broken ,  for  example  by  the  presence  of  a  coupler,  but  is 
still  of  some  use  in  other  cases,  because  of  the  small, 
imperfection-induced  asymmetries  which  are  inevitably 
present.  The  asymmetry  removes  the  degeneracy  between 
the  two  components  of  most  of  the  multipoles.  This  not 
only  causes  the  two  components  to  have  different  frequen¬ 
cies,  but  also  tends  to  "anchor"  their  orientation  in  the 
cavity:  For  dipole  modes,  for  example,  one  component 
gets  oriented  in  the  direction  of  the  couple  (in  our  case,  the 
vertical),  and  one,  perpendicular  to  it.  Setting  both  probes 
so  that  they  are  horizontally  displaced  from  the  center  (0°), 
one  will  excite  only  the  horizontal  component  of  the 
dipole;  setting  them  both  at  90°,  only  the  vertical. 

This  enables  us  to  distinguish  dipoles  from  monopoles 
(whose  peaks  are  unaffected  by  probe  rotation),  as  well  as 
from  higher  n-poles  (whose  intensity  exhibits  the  same 
behavior  at  probe  rotations  of  90/n°).  It  can  also  be  used  to 
enhance  a  given  dipole  component  relative  to  a  nearby 
monopole,  as  one  would  want  to  do  when  doing  a  bead- 
pull  on  the  dipole.  Even  more  useful,  if  one  orients  one 
probe  at  0°  and  the  other  at  90°,  one  can  suppress  both  di¬ 
pole  components  in  the  measured  spectrum,  something  one 
would  need  to  do  when  measuring  a  monopole  in  the  pres¬ 
ence  of  a  dipole  contaminant.  In  the  absence  of  a  strong 
asymmetry  to  anchor  the  modes,  this  "tool"  is  less  useful 
because  the  dominant  asymmetry  in  such  cases  is  due  to  the 
probes  themselves.  Even  then,  a  non  co-linear  probe 
orientation  can  sometimes  reduce  dipole  contaminants. 

Multiple-Peak-Fitting  Routine.  We  have  used  the  code 
IGOR™[4],  with  its  extraordinarily  powerful  data  acquisi¬ 
tion  and  scripting  capabilites,  as  well  as  its  analytical  tools, 
to  create  a  computer  program  which  is  capable  of  acquiring 
data  using  a  network  analyzer,  and  then  performing  a  least- 
squares  fit  to  the  data.  A  representative  fit  for  a  pair  of  ad¬ 
jacent  peaks,  the  OMl  monopole  and  the  lEl  dipole,  from 
the  damped-cavity  spectrum  is  shown  in  Fig.  1.  Absent 
such  a  fitting  routine  it  is  doubtful  that  a  meaningful  Q- 
value  could  have  been  obtained  for  the  left-hand  peak. 

The  functional  form  chosen  for  the  individual  peaks 
was  a  Lorentzian.  Because  the  probes  are  located  at 
opposite  ends  of  the  cavity,  it  is  necessary,  when  combin¬ 


ing  the  amplitudes  of  adjacent  peaks,  to  take  into  account 
the  relative  longitudinal  reflection  symmetry  (parity)  of 
their  electric  fields.  This  actually  proves  to  be  an 
advantage  in  identifying  the  various  peaks.  In  the  example 
shown,  because  the  OMl  and  lEl  have  opposite  parities, 
there  is  a  smooth  smooth  valley  between  them.  If  they  had 
had  the  same  paritiy,  that  region  would  have  been 
characterized  by  a  notch. 


Fig.  1.  Simultaneous  fit  of  the  OMl  monopole  and  lEl 
dipole  modes  of  the  fully  damped  cavity. 

An  additional  feature  which  we  added  was  in  treating 
the  background  as  a  purely  imaginary  amplitude.  This  was 
done  because,  except  for  the  rare  case  where  the  back¬ 
ground  level  is  actually  determined  by  the  noise  floor,  it  is 
in  fact  the  sum  of  the  residual  amplitudes  of  all  the  other 
peaks  (in  the  entire  spectrum);  because  they  represent 
responses  far  from  resonance,  they  are  essentially  purely 
imaginary. 

The  Bead  Puller  as  a  Diagnostic  Tool.  Because  of  its 
ability  to  do  both  azimuthal  and  transverse  scans,  the  bead 
puller  proved  very  useful  in  mode  identification,  particu¬ 
larly  when  used  in  conjunction  with  the  probe  orientation 
technique. 

III.  EXPERIMENTAL  RESULTS 

Our  original  intent  was  to  study  the  behavior,  first  of 
the  "bare"  cavity,  with  all  ports  covered  from  the  inside  of 
the  cavity,  as  a  way  of  facilitating  mode  identification,  and 
also  permitting  a  comparison  of  our  results  on  the  azimuth - 
ally  symmetric  structure  with  those  calculated  in  URMEL. 
For  the  most  part,  the  frequencies  of  the  various  modes 
were  within  a  few  MHz  of  those  predicted  by  URMEL. 
However,  in  some  cases,  as  with  the  cluster  of  modes  in  the 
neighborhood  of  1700  MHz,  this  did  not  suffice  to  confirm 
identification. 

For  the  most  part,  these  difficulties  were  more  pro¬ 
nounced  with  the  dipoles  (also  the  two  highest-frequency 
monopoles),  and  so  we  initially  elected  to  restrict  our 
measurements  to  monopoles  until  such  time  as  the  pro- 
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posed  new  RF  coupler  became  available.  As  can  be  seen 
from  table  1,  the  measured  R/Q  values  for  the  various 
monopole  modes  in  the  bare  cavity  are  in  excellent  agree¬ 
ment  with  the  URMEL  calculations. 

Table  1:  Comparison  of  R/Q  for  monopole  modes  as  calcu¬ 
lated  (URMEL)  and  measured  under  the  conditions  shown. 


Mode 

URMEL 

Bare 

Blank 

Damped 

OEl 

108.8 

106 

110 

105 

OMl 

45.0 

44 

40 

33 

0E3 

7.6 

NV 

6.6 

NM 

0M2 

6.6 

6.6 

5.7 

5.2 

0E4 

5.1 

5.7 

5.2 

NM 

0M3 

4.8 

4.8 

3.6 

NM 

0M4 

1.7 

1.8 

1.7 

NM 

0E6 

3.5 

NM 

NM 

NM 

0E7 

1.2 

NM 

NM 

NM 

Note: 

NM  means  R/Q  not 

measurable;  NV  mea 

peak  was  not  visible  in  the  observed  spectrum. 

The  next  column  in  the  table  shows  the  results 
obtained  for  the  second  "undamped"  geometry,  namely  the 
dampers  removed  and  their  flanges  taped  over,  defined  as 
"blank".  As  discussed  earlier,  this  step  might  reveal  any 
anomalies  caused  by  the  damper  apertures,  and  serve  as  an 
indicator  that  the  introduction  of  the  dampers  caused  signi¬ 
ficant  changes  in  R/Q.  The  table  does  show  some  changes 
from  the  "bare"  cavity,  but  nothing  that  would  cast  serious 
doubt  on  using  the  undamped  R/Q's  for  modes  where 
damped  R/Q’s  could  not  be  measured.  Most  of  the  discrep¬ 
ancies  are  on  the  order  of  5-10%;  the  largest  is  on  the 
order  of  25%,  but  in  a  favorable  direction. 

We  then  undertook  measurements  of  of  the  damped  ca¬ 
vity.  The  damped  Q-values  are  shown  in  Table  2a.  In  sev¬ 
eral  cases,  the  damped  peaks  could  not  be  identified  unam¬ 
biguously,  and  we  have  entered  an  upper  limit  based  on  the 
Q  of  the  narrowest  of  the  candidate  peaks.  Table  2a  also 
shows  the  R  values  obtained  using  the  damped  Q's  and  cal¬ 
culated  R/Q  along  with  a  set  of  "target"  values  from  Ref.  2. 

Table  2a:  Comparison  of  R  for  damped-cavity  monopole 
HOM's  with  target  values  (see  Ref.  2) 


Mode 

R/Q 

(ii) 

Ql 

R 

(ki2) 

target 

(kQ) 

firact 

target 

OMl 

45 

27 

1.21 

3.2 

.38 

0E3 

7.7 

NV 

6.6 

1.9 

0M2 

6.6 

750 

4.9 

1.9 

2.6 

0E4 

5.7 

<200 

<1.1 

1.5 

<0.7 

0M3 

4.8 

4.8 

NM 

1.4 

0M4 

1.8 

1000- 

2400 

1. 8-4.5 

1.2 

1.1-2.5 

0E6 

3.5 

<450 

<1.6 

1.1 

<1.4 

0E7 

1.2 

NM 

NM 

1.1 

When  it  became  apparent  that  the  new  coupler  would 
not  be  available  in  time  for  use  in  these  measurements,  we 
elected  to  obtain  the  best  estimates  we  could  of  the  damped 


Q’s  of  the  dipole  modes  with  the  symmetric  cavity,  to  see 
whether  there  might  be  any  unpleasant  "surprises."  We 
were  able  to  obtain  at  least  crude  upper  limits  for  most  of 
the  modes,  and  the  results  are  shown  in  table  2b,  along  with 
comparisons  similar  to  those  in  table  2a. 

Table  2b:  Comparison  of  R/kr^  for  damped-cavity  dipole 


ROM’s  with  target  values  (see  Ref.  2) 


Mode 

R/Q/kr2 

Ql 

R/kr2 

target 

fract. 

(Q/m) 

(ld2/m) 

(k£2/m) 

target 

lEl 

15.3 

125 

32 

117 

.27 

1M2 

27.6 

<10 

6.2 

117 

.05 

1M3 

.26 

1300 

8.5 

117 

.07 

1E3 

5.86 

500 

80.6 

117 

.69 

1M4 

2.87 

1400- 

120- 

117 

1. 0-2.6 

3600 

310 

1E5 

2.04 

NM 

117 

1E6 

5.14 

340-630 

61-113 

117 

.52-.97 

1M6 

.10 

NM 

In  general  we  find  that  the  R/Q  values  in  the  presence 
of  the  damper  apertures  do  not  change  significantly  from 
those  of  the  bare  cavity,  and  the  improved  Q  measurements 
are  not  significantly  different  from  those  of  Ref.  2.  There 
remain  a  few  modes  whose  damped  impedance  remains 
relatively  high.  These  are  modes  which,  because  that  high 
impedance  reflects  marginal  coupling  to  the  dampers,  are 
sensitive  to  the  details  of  the  cavity  shape  (in  the  case  of 
the  1M4  and  1E6,  the  range  of  Q^  in  the  table  reflects 
sensitivity  to  variation  with  the  measurement  conditions), 
and  therefore  need  to  be  re-measured  for  the  final  high- 
power  cavity.  Should  they  then  not  prove  tractable  to  the 
present  damping  scheme,  they  can  be  dealt  with 
individually  by  dedicated  dampers,  provisions  for  which 
have  been  included  in  the  design  of  the  cavity. 
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Recently  planar  RF  structures  have  gained  appreciable 
interest  due  to  their  unique  features.  They  have  been 
proposed  for  very  high  frequency  applications,  where  they 
are  ideally  suited  for  fabrication  by  deep  X-ray  lithography, 
for  linear  colliders  and  for  sheet-beam  klystrons.  The  paper 
presents  structures  for  the  different  possible  applications: 
Travelling  and  standing  wave  structures,  side-coupled 
structures,  structures  with  a  position  independent 
accelerating  field  and  cavities  for  accelerating  wide  sheet- 
beams. 


1.  INTRODUCTION 


Planar  RF-structures  consist  of  two  or  more  metallic  or 
dielectric  slab  materials  supporting  "match-box"  like 
cavity  resonators.  The  slabs  can  be  in  direct  contact,  thus 
forming  closed  rectangular  structures  (Fig.  1  a),  or 
electrically  separated  forming  an  open  structure  where  the 
fields,  however,  decay  exponentially  in  the  gap  (Fig.  1  b). 


Figure  1.  Examples  for  planar  structures;  a)  closed 
structure;  b)  open  Muffin-Tin  structure. 

Recently,  these  planar  structures  have  gained  more 
and  more  interest  due  to  some  unique  features  which  may 
be  important  for  special  applications.  The  most  important 
reason  is  for  high  frequency  applications.  It  is  obvious  that 
above  frequencies  of  30  -  50  GHz  it  will  be  very  hard  to 
realize  axis-symmetric  structures.  On  the  other  hand, 
modem  microfabrication  techniques  like  stamping, 
microvibration  or  deep  X-ray  lithography  with  subsequent 
electrodeposition  (LIGA  [1])  offer  the  possibility  to 
produce  planar  structures  with  sufficient  precision. 
Especially  LIGA  seems  to  be  perfectly  suited  for  very  high 
frequencies,  let  us  say  around  100  GHz.  It  has  fabricational 
tolerances  in  the  micrometer  regime  and  allows  for  adding 
complexity  to  the  geometry  nearly  free  of  costs.  Thus,  side- 
coupled  structures,  multi-periodic  structures,  low  energy 
structures  with  inherent  alternating-phase  (AP)  focusing 
and  many  others  are  possible.  This  technology  is  currently 
explored  in  a  study  of  a  50  MeV  electron  linac  powering  a 
micro  wiggler  [2]. 

Other  applications  may  be  for  future  linear  colliders 
because  of  several  unique  system  requirements  [3].  First,  in 
order  to  keep  the  power  consumption  within  reasonable 
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limits,  the  linacs  must  operate  at  high  frequencies,  higher 
than  30  GHz.  Secondly,  a  multibunch  operation  is 
necessary  and  therefore  it  is  vital  to  reduce  the  wakefield 
effects.  Planar  structures  have  more  geometric  degrees  of 
freedom  than  axis-symmetric  structures  and  this  can  be 
used  to  reduce  wakefields.  Thirdly,  flat  beams  with  a  large 
aspect  ratio  and  an  extremely  low  emittance  in  one  plane 
are  required.  Wide  rectangular  apertures,  or  even  better, 
open  muffin- tins,  are  ideally  suited  for  such  beams  because 
wakefields  can  be  dramatically  reduced  in  the  direction  of 
the  slit. 

Finally,  another  important  application  may  be  for  high 
frequency  and/or  high  power  klystrons.  The  current 
transport  capability  of  klystrons  decays  with  the  square  of 
the  RF  wavelength  because  the  RF  cavities  and  therefore 
the  beam-pipe  scale  correspondingly.  The  only  way  out  of 
the  unfavourable  frequency  scaling  is  to  use  multi-beam  or 
sheet-beam  devices.  Sheet-beams  [8]  together  with  planar 
RF  structures  allow  for  a  more  favourable  frequency 
scaling  because  one  dimension  is  independent  of  the 
frequency  and  can  thus  be  increased. 

Due  to  the  rectangular  geometry  with  plane  interfaces 
between  different  subregions,  planar  structures  are  well 
suited  for  ananalysis  with  the  mode  matching  technique. 
In  case  of  closed  subregions  the  fields  are  expanded  in 
series  of  eigenmodes,  whereas  in  open  subregions  Fourier 
integral  representations  are  used  [5].  For  numerical 
analysis  a  finite  difference  calculus  in  frequency  as  well  as 
time  domain  is  the  obvious  choice.  In  fact,  many 
geometries  were  calculated  with  MAFIA  [6].  Recently,  we 
have  developed  a  finite  difference  code  GdfidL  [7]  which 
takes  advantage  of  the  special  geometry  in  order  to 
increase  the  speed  and  to  allow  for  different  mesh  sizes  in 
subregions. 

II.  TRAVELLING  WAVE  STRUCTURES  WITH 
NON-FLAT  FIELDS 

The  simplest  planar  structure  is  a  chain  of  rectangular 
cavities,  Fig.  1  a.  It  might  be  suited  for  special 
applications  in  the  lower  part  of  the  frequency  range  we 
are  considering  here,  i.e.  somewhere  between  30  and  60 
GHz.  The  main  RF  parameters  are  close  to  the  ones  for  an 
open  muffin-tin  structure,  Fig.  1  b. 

Open  muffin-tin  structures  are  the  ideal  candidate  for 
very  high  frequency  application,  around  100  GHz,  and  for 
fabrication  with  LIGA.  They  are  double-sided  and  do  not 
need  brazing  in  the  region  of  RF-fields,  they  are  easy  to 
cool  from  top  and  bottom  and  the  side  openings  provide 
vacuum  pumping  slots.  At  27c/3  travelling  wave  mode 
structure  at  120  GHz  was  first  studied  in  ref  [4].  The  main 
parameters  are  repeated  in  table  1. 
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Table  1.  Geometrical  and  RF  parameters  for  a  fi/3 
travelling  wave  mode  in  an  open  muffin-tin. _ 


a  =  0.3  mm 

b  =  0.9  mm 

w  =  1.8  mm 

2  =  0.633  mm 

t  =  0.2  mm 

d  =  0.8  mm 

On  =  2160  for  Cu 

iJO  =  144.6  kQ/m 

rn  =  312MO/m 

k  =  0.0475 

V„  =  0.043  Cn 

a  =  13.5  m  ‘ 

The  optimum  structure  lenght  l^pt  for  the  highest  energy 
gain  (alopt  =  1.26)  is  l^p^  =  9.3  cm.  However,  there  are  many 
reasons  to  make  1  shorter  and  it  was  chosen  to  7  cm 
corresponding  to  84  cells.  Then,  the  required  input  power 
per  structure  is  29  kW  in  order  to  get  10  MV/m  average 
gradient.  The  ratio  of  power  dissipation  at  structure  input  to 
structure  output  is  6.6  to  1.  This  large  ratio  leads  to  an 
appreciable  temperature  rise  in  the  irises  at  the  input  end 
and  will  require  a  powerful  cooling  system  in  order  to 
control  the  heat  gradient. 

Certainly,  the  better  solution  would  be  a  constant 
gradient  (CG)  structure  which  has  a  constant  power 
dissipation  and  is  less  sensitive  to  frequency  errors  and  to 
beam  break-up.  At  high  frequencies,  however,  where  we 
would  like  to  use  lithography  for  fabrication,  a  varying 
aperture  and  therefore  a  varying  structure  depth  would 
complicate  the  process  enormously.  Then,  it  might  be 
preferable  to  use  standing  wave  (SW)  structures  (chapter 
IV). 

Contrary  to  axis-symmetric  structures,  the  accelerating 
fields  in  planar  structures  depend  normally  on  the 
transverse  position.  The  synchronous  space  harmonic  of  the 
accelerating  field  component  can  be  written  as 

=EoCOskxXcoskyy -e^^,  cp  =  cot-k2Z  (1) 

where 

k,  =  k/p,  k^=-k^-(k/pyf,  k^=7t/w. 

For  relativistic  particles  we  have  ky  =  -k^  and  the 

field  varies  with  cos  k^x  in  x-direction  and  with  cosh  k^y  in 
y-direction,  that  means  the  acceleration  depends  on  the 
position  which  may  be  tolerable  only  for  very  small 
excursions  x  and  y.  By  the  way,  the  transverse  forces  have 
quadrupole  character. 

k^  k^ 

F^  =-eEo-^sin(px,  Fy  =eEo-^sin(p- y  (2) 

k  k 

and  could  be  used  for  focusing. 

III.  TRAVELLING  WAVE  STRUCTURES 
WITH  FLAT  FIELDS 

Some  applications  require  an  accelerating  field  which 
is  independent  of  the  transverse  positions,  at  least  over  a 
certain  fraction  of  the  aperture  area.  Planar  structures  can 
be  modified  to  meet  this  requirement.  For  that  purpose  we 
increase  either  the  capacitive  load.  Fig.  2a,  or  the 
inductive  load.  Fig.  2b,  at  the  cavity  sides.  As  a  result,  the 
space  harmonic  with  k^  =  0  becomes  the  dominant  space 
harmonic  and  the  field  is  independent  of  x  and  y  over  a 
large  fraction  of  the  aperture. 

As  an  example  we  give  a  muffin-tin  cavity  with 
increased  inductive  load  at  the  sides  which  could  be  used 


for  a  high  power  sheet-beam  klystron  at  11.4  GHz  similar 
to  the  cavity 


Figure  2.  Muffin-tin  structures  with  flat  accelerating  fields 
near  the  beam  axis;  a)  increased  capacitive  and  b) 
increased  inductive  load  at  the  sides. 

proposed  in  ref.  [8].  Fig.  3a  shows  the  lower  half  of  the 
cavity  with  the  electric  field  of  the  fundamental  mode.  The 
beautifully  flat  distribution  of  the  field  over  three  quarters 
of  the  cavity  is  depicted  in  Fig.  3b.  Clearly,  the  cavity  is 
well  suited  for  acceleration  of  a  10  cm  wide  beam.  By  the 
proper  choice  of  the  dimensions  it  was  possible  to  shift  the 
closest  higher  mode  (in  horizontal  direction)  more  than  1 
GHz  up  in  frequency  and  it  is  therefore  conceivable  to 
couple  it  out  by  means  of  a  high-pass  filter  structure  at  the 
cavity  sides. 


Figure  3.  Flat-field  muffin-tin  structure;  a)  field  plot  and  b) 
field  distribution  along  the  x-axis. 

IV.  STANDING  WAVE  SIDE-COUPLED 
STRUCTURES 

As  mentioned  above,  the  TW-CG  structure  is  in  many 
respects  the  ideal  structure  for  electron  acceleration. 
However,  the  fabrication  by  lithography  of  a  structure  with 
varying  aperture  will  be  very  difficult  ^though  in  principle 
possible.  Therefore,  SW-structures  were  considered  in  ref. 
[9].  They  have  a  constant  power  dissipation  but  a  shunt 
impedance  which  is  only  half  that  of  a  TW-structure, 
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except  for  the  7C-mode.  On  the  other  hand,  the  group 
velocity  and  the  mode  spacing  is  very  small  around  the  n- 
mode.  As  a  consequence,  the  structure  is  sensitive  against 
fabricational  and  frequency  errors,  it  has  a  cell-to-cell 
phase  error  and  only  a  small  number  of  cells  can  be 
coupled. 

A  way  out  of  these  problems  is  often  used  in  proton 
machines.  The  accelerating  cells  are  not  coupled  directly 
but  via  off-axis  coupling  cells,  in  such  a  way  that  the 
structure  is  operated  in  the  7c/2-mode  but  the  effective 
phase  advance  from  main-to-main  cell  is  7C.  Although  in 
our  case  the  direct  coupling  cannot  be  lowered  we  still  can 
get  the  same  behaviour.  By  making  the  passbands  of  two 
structures,  the  chain  of  accelerating  cells  and  the  chain  of 
coupling  cells,  coalesce  at  the  2n  phase  shift  per  period 
we  obtain  an  effective  7C-phase  advance  for  the 
accelerating  cells  with  a  high  group  velocity  while  the 
coupling  cells  remain  unexcited.  The  additional 
complication  due  to  the  coupling  cells  is  only  a 
complication  in  the  design  process  but  is  more  or  less  free 
of  extra  fabricational  costs. 

In  Fig.  4,  geometry  (1)  the  standard  arrangement  of  a 
side-coupled  muffin-tin  structure  is  shown.  Because  of  the 
large  off-axis  cells,  the  accelerating  field  wiggles  slightly 
around  the  beam  axis.  Therefore,  we  analysed  geometry 

(2)  next.  This  geometry  has  the  largest  bandwidth  and  is 
expected  to  be  the  less  sensitive  against  errors  due  to  the 
multiple  coupling.  Unfortunately,  it  carries  a  horizontally 
polarized  dipole  mode  which  is  synchronous  with  the 
beam.  Nevertheless,  for  many  applications  this  may  be 
tolerable  because  the  shunt  impedance  of  the  dipole  mode 
is  very  small.  In  the  third  geometry  of  Fig,  4,  the  symmetry 
with  respect  to  the  z-axis  is  broken.  In  that  way  the  dipole 
mode  is  shifted  to  lower  frequencies  while  the  accelerating 
field  remains  parallel  to  the  z-axis.  All  three  geometries 
have  a  high  group  velocity,  around  5  %  of  the  velocity  of 
light  and  a  iz  phase  shift  from  main-to-main  cell.  The  shunt 
impedance  is  only  reduced  by  typically  15  %  as  compared 
to  a  single-periodic  2k/3  mode  7W-structure. 


Figure  4.  Side-coupled  muffin-tin  structures  with  ( 1 ) 
alternating,  (2)  symmetrically  arranged  coupling  cells  and 
(3)  with  broken  symmetry. 

V.  CONCLUSIONS 

Planar  structures  have  one  geometric  degree  of 
freedom  more  than  axis-symmetric  structures.  This  freedom 
in  choice  can  be  used  in  different  ways:  To  adjust  the 
structure  geometry  to  the  beam  geometry,  to  modify  the 
transverse  dependence  of  the  accelerating  field  or  to 
reduce  Wakefields,  Every  choice  has  its  particular 
application  like  for  sheet-beam  klystrons,  linear  colliders 
or  for  very  high  frequency  structures  around  100  GHz. 


Although  planar  structures  may  stay  an  exception  for 
applications  with  frequencies  below  30  to  50  GHz,  they 
certainly  will  be  the  top  choice  for  higher  frequencies. 
Especially  if  they  can  be  made  with  modern 
microfabrication  techniques,  such  as  high-precision 
stamping  or  LIGA,  they  offer  unprecedented  advantages. 
Nearly  any  complex  structure,  as  long  as  it  is  planar,  can 
be  fabricated  with  no  extra  costs.  Only  the  designer’s  skill 
limits  the  possibilities.  Thus,  input  couplers,  extraction 
circuits,  filter  devices,  single-  and  multiperiodic  structures, 
alternating  phase  focusing  structures  and  others,  they  all 
can  be  integrated  on  a  slab  support. 
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The  precise  frequency  control  of  the  dipole  modes  in  all 
of  the  cells  in  a  structure  in  addition  to  the  control  of  the 
accelerating  mode  is  one  of  the  key  issue  to  realize  a  detuned 
structure  for  the  main  linac  of  the  linear  collider.  The  present 
approach  is  to  machine  the  accelerating  cell  precisely  with  the 
use  of  the  ultra-precision  machines  and  keep  the  precision 
through  the  following  fabrication  processes  such  as  the 
diffusion  bonding  aiming  at  the  precision  of  the  dipole-mode 
frequency  better  than  0.01%.  In  addition  to  this  frequency 
control,  the  cell  alignment  should  be  a  few  micro  meters  and 
this  criteria  will  be  accomplished  by  the  precise  machining  of 
the  outer  surfaces  of  the  cells  followed  by  the  alignment  along 
a  good  vee  block. 

In  the  present  paper  are  presented  some  of  experimental 
results  on  the  fabrication  of  30cm-long  structures.  The 
bonding  at  the  temperature  above  800“C  was  found  reliable  to 
obtain  the  vacuum  tight  junction.  The  change  of  the 
accelerating  mode  frequency  was  found  to  be  less  than  IMHz 
out  of  11.4GHz  but  it  seems  to  have  a  pressure  dependence. 
The  study  of  132-cell  bonding  test  was  also  performed  and  the 
alignment  of  40  microns  along  1.2m  stacking  was  obtained 
though  a  severe  trouble  happened  to  the  jiggings. 

Based  on  these  experiences,  the  possibility  of  a  precise 
fabrication  method  for  the  detuned  structure  in  full  size  is 
discussed. 


1.  INTRODUCTION 

Two  most  important  issues  to  keep  the  long-range  wake 
field  in  the  accelerating  structures  of  the  linear  colliders 
operated  in  a  multi-bunch  scheme  are  (1)  frequency  control  of 
the  dipole  mode  and  (2)  alignment  of  the  cells  in  the  structure. 
In  the  design  of  JLC[1],  the  relative  tolerance  of  the  frequency 
is  lO’"^  and  the  alignment  of  the  order  of  a  few  micrometers. 
In  addition  to  these  characteristics,  the  structure  should  be 
operated  in  fairly  high  accelerating  field  with  less  dark  current 
and  they  should  be  made  in  mass  production  of  several 
thousands  of  them. 

Keeping  these  in  mind,  the  study  on  a  precise  fabrication 
has  been  started[2].  Even  if  the  cells  are  machined  in  very 
good  precision,  the  brazing  process  introduced  large 
frequency  shift  due  to  the  process.  Therefore,  we  decided  to 
study  the  possibility  to  apply  a  diffusion  bonding  technique 
between  flat  surfaces  at  a  lower  temperature  and  with  a  low 
pressure[3]. 

In  the  present  paper  are  described  some  of  the 
performances  and  characteristics  relevant  to  the  diffusion 
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bonding  for  the  cells  which  are  fabricated  in  ultra-precision 
lathes  and  discuss  the  feasibility  of  this  methods  to  the 
fabrication  of  the  structure  of  linear  collider  main  linacs. 

IL  MACHINING  CELLS 

As  a  first  step  of  the  study,  some  30-cm  long  constant- 
impedance  structures  were  fabricated.  The  dimensions  of  the 
cells  was  described  elsewhere[3]. 

The  positioning  of  the  bite  is  controlled  by  comparing  the 
outer  diameter  of  the  machined  cell  to  the  reference 
periodically.  The  most  important  parameters  of  the  cells,  the 
frequencies  and  the  outer  diameters  of  the  machined  cells 
were  checked  from  cell  to  cell.  Typical  results  are  shown  in 
the  Fig.  1.  The  frequencies  of  the  cells  are  measured  using 
dummy  flat  surface  with  choke  to  trap  the  mode  with  a  similar 
field  pattern  to  that  of  the  accelrating  mode.  The  standard 
deviation  of  the  measured  frequencies  is  0.1MHz/11.4GHz 
which  is  small  enough  for  the  detuned  structure.  The  deviation 
of  outer  diameters  from  the  reference  value  is  ±0.5|xm,  which 
should  be  kept  to  realize  the  alignment  of  the  cells  along  the 
structure  better  than  one  micrometer. 

III.  DIFFUSION  BONDING 

In  order  to  make  several  thousands  of  structures,  it  is 
necessary  to  Join  nearly  one  million  cells.  Therefore,  it  is 
important  to  apply  a  method  with  good  reliability  and 


L  Q.  chokal  Machined  cells  for  Ml  I  x  od| 


Fig.  1  Measured  frequencies  (solid  circle)  and  outer 
diameters  (crosses)  of  the  cells  for  30cm  structures. 
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Table  1.  Typical  parameters  of  three  30cm-long 
structures. 


Type 

units 

1 

2 

3 

Insert 

Au 

Non 

Au 

Thick 

jam 

2 

- 

1 

Temp 

'C 

890 

800 

800 

Period 

min 

10 

60 

10 

Pressure 

g/mm^ 

10 

3 

5 

Vacuum 

OK 

OK 

OK 

Af 

MHz 

~-1.0 

~0 

SFjtC 

±MHz 

0.5 

0.7 

0.5 

8(|) 

degree 

±r 

±1.2° 

Exp(-T) 

dB 

-1.494 

-1.273 

-1.31 

Q/Ocal"^ 

% 

81 

95 

93 

t  Calculated  from  the  attenuation  along  the  structure,  Exp(-T). 

cheapness  for  the  mass  production.  The  frequency  change  due 
to  the  brazing  sometimes  become  several  MHz,  which  is  not 
allowed  for  frequency  control  point  of  view.  Therefore,  the 
extensive  studies  on  the  joining  methods  without  liquidizing 
the  materials  for  joining  have  been  performed[3]. 

A.  30cm  structures 

Typical  parameters  which  were  applied  to  make  30cm- 
long  structures  are  listed  in  Table  1.  In  addition  to  those 
parameters  of  the  bonding  process,  the  reliability  of  vacuum 
tightness  largely  depends  on  the  quality  of  the  bonding 
surface.  The  flatness  of  the  present  machining  is  better  than 
0.3  |im  over  full  SOnuii  in  diameter  and  the  surface  roughness 
is  set  to  50nm. 

As  shown  in  the  table,  the  control  of  the  accelerating  mode 
frequency  was  kept  less  than  IMHz.  One  of  the  measurement 
of  the  frequencies  of  the  pseudo  nil  mode  in  the  cells  of  a 
structure  before  and  after  the  bonding  are  shown  in  Fig.  2  for 
the  case  of  type  2.  The  measurement  was  performed  by 
detuning  the  adjacent  cells  using  two  plungers  equipped  with 
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Fig.  2.  Frequencies  of  pseudo  nil  mode  in  a  30cm-long 
structure.  Solid  circles  are  those  before  bonding  and  open 
circles  are  those  after. 


antenna  and  measuring  transmission  between  those  antennas. 
The  frequency  shift  due  to  this  type  of  bonding  is  quite  small, 
though  there  was  a  slight  dependence  on  z-position  along  the 
structure,  which  may  reflect  the  dependence  of  the  pressure 
applied  to  the  junction. 

J9.  Frequency  shift  dependence  on  pressure 

All  the  bondings  are  performed  in  vertical  furnaces  at 
present.  Therefore,  for  the  case  of  full-size  structure,  the  extra 
weight  of  more  than  50kg  due  to  the  self  weight  above  the 
relevant  cell  is  added  and  the  contact  pressure  at  bottom  is  3  to 
4  times  larger  than  that  of  the  top.  In  Fig.  3  are  shown  the 
dependence  of  the  frequency  shifts  due  to  the  bonding  of  type 
2  on  the  pressures  applied  to  the  bonding  surface.  The 
frequency  shift  of  the  mode  with  high  phase  advance  per  cell 
is  large,  reflecting  the  dimensional  change  of  z-direction.  This 
may  also  introduce  big  changes  in  frequencies  of  the  higher 
modes  with  nodes  in  a  cell  such  as  those  of  TElll  and 
TMl  11.  This  effect  on  the  accelerating  modes  can  be  canceled 
by  applying  dimensional  offsets  for  the  cells  to  maintain  the 
frequencies  along  the  structure.  In  addition,  this  kind  of 
changes  should  be  smooth  function  along  the  structure  and 
therefore  it  does  not  perturb  the  HOM  frequency  distribution 
much.  The  detailed  dependence  along  the  full-size  structure 
will  be  tested  soon. 

C.  Search  of  other  parameter  regions 

One  of  the  way  to  reduce  this  frequency  change  is  to 
lower  the  bonding  temperature.  An  example  of  five-cell  stack 
at  for  one  hour  at  2g/mm^  was  also  came  out  in 

vacuum  leak  tight.  As  shown  in  Fig.  4,  the  frequency  change 
due  to  the  bonding  is  less  than  0.2MHz/l  1.4GHz  for  all  of  the 
modes  in  the  TMOlO  pass  bands  and  less  than  0.6MHz  for 
those  of  the  HEMl  1-like  modes. 


Change  of  TMOlO  mode  frequencies 
due  to  bonding  with  pressure  about  15kG  &  65kG 


Fig.  3.  Frequency  differences  of  the  TMOlO 
modes  due  to  the  bonding  of  type  2  with  two 
different  pressures  applied.  The  lower  pressure 
corresponds  to  that  at  top  and  the  heavier  to  that  at 
bottom. 
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V.  SUMMARY 
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Fig.  4  Frequency  shift  due  to  diffusion  bonding  at  lower 
temperature.  Data  sitting  neat  1 1 .4GHz  are  those  of 
TMOlO-like  mode  while  those  at  15  to  19GHz  dipole 
modes. 


Several  30cm-long  structures  were  fabricated  using 
diffusion  bonding  technique.  The  frequency  change  due  to  this 
bonding  above  800°C  was  about  IMHz  or  less  though  there 
might  be  a  dependence  on  the  pressure  between  bonding 
surface.  The  alignment  of  the  cells  in  short  structure  was 
better  than  4|im,  while  that  of  the  test  of  132-cell  bonding  was 
40|im.  The  revision  to  obtain  better  alignment  will  be 
performed  soon.  Other  parameter  regions  are  being  studied  to 
find  the  optimum  on  frequency  control  and  good  alignment  in 
addition  to  the  reliable  vacuum  sealing. 
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VII.  REFERENCES 


Another  test  diffusion  bonding  even  at  SOO^'C  came  out  to 
be  also  leak  tight  where  the  pressure  of  5g/mm^  was  applied 
between  the  surfaces  with  the  roughness  of  20nm. 

From  these  examples,  we  hope  that  there  will  be  a  better 
parameters  for  the  bonding  possible  at  lower  temperature  than 
800T. 

IV.  ALIGNMENT 

The  outer  diameter  of  all  the  cells  are  machined  to  be 
better  than  0.5  pm  as  in  Fig.  1  or  better.  The  concentricity 
among  the  outer  wall,  beam  hole  and  the  cell  wall  is  better 
than  0.2pm,  which  is  automatically  fulfilled  because  the 
machining  is  performed  without  re-setting  of  the  cell. 
Therefore,  the  cells  can  be  aligned  by  putting  each  of  them  on 
a  precise  vee  block.  If  the  alignment  is  preserved  during  the 
following  processes,  especially  the  bonding  process,  we  can 
expect  the  alignment  better  than  a  few  microns. 

One  of  the  30cm  structures  was  fabricated  followed  this 
idea.  The  alignment  before  the  bonding  was  1pm  and  that 
after  bonding  about  4pm[4]. 

The  same  method  was  applied  to  a  1.2m,  132-cell  bonding 
test  with  the  parameter  the  same  as  type  2.  The  alignment 
before  bonding  was  better  than  10  pm  but  that  obtained  after 
bonding  was  40pm.  The  global  characteristics  of  the 
alignment  after  bonding  was  a  simple  bending  of  a  half  wave 
length  in  one  direction.  We  hope  to  obtain  much  better 
alignment  by  modifying  some  of  the  jiggings.  The  total  length 
was  shrinked  by  about  0.5mm,  which  correspond  to  about 
4pm  per  junction.  This  is  comparable  to  the  value,  3pm 
shrinkage  per  junction,  for  the  case  of  diffusion  brazing  at 
890'‘C  for  10  minutes.  This  characteristics  may  have  to  be 
considered  seriously  especially  in  the  bonding  of  a  long 
structure  in  vertical  furnace. 
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DEVELOPMENT  OF  A  BEAM-PIPE  HOM  ABSORBER 
FOR  THE  ATF  DAMPING  RING 

F.  Hinode  and  S.  Sakanaka 

KEK,  National  Laboratory  for  High  Energy  Physics,  1-1  Oho,  Tsukuba-shi,  Ibaraki-ken,  305  Japan 


This  paper  describes  the  development  of  a  beam-pipe 
HOM  absorber,  which  is  used  to  damp  higher  order  modes 
(HOMs)  of  accelerating  cavities  for  the  ATF  damping  ring 
(DR).  This  device  is  a  short  beam  pipe  equipped  with  a 
microwave  absorber.  The  requirement  for  the  absorber,  to 
search  for  an  absorbing  material,  and  the  design  of  a 
prototype  absorber-pipe  are  presented. 

1.  INTRODUCTION 

A  HOM  damped  cavity  is  under  development  at  KEK 
[1-3],  which  is  to  be  used  for  the  ATF  damping  ring.  This 
cavity  has  been  designed  to  provide  an  accelerating  voltage 
of  0.25  MV/cavity  with  a  frequency  of  714  MHz,  while 
avoiding  coupled-bunch  instabilities  arising  from  cavity 
HOM  impedances.  In  order  to  damp  the  HOMs  the  cavity 
is  equipped  with  waveguide  ports  dedicated  to  HOM 
damping.  Because  of  the  very  high  cutoff-frequencies  of 
the  DR  beam  pipe  (typically,  9.6  and  7,3  GHz  for  the 
monopole  and  dipole  modes,  respectively),  there  exist 
many  cavity  HOMs  ranging  from  the  accelerating 
frequency  to  the  above-mentioned  cutoff  frequencies.  Even 
by  equipping  the  HOM  damping  ports,  it  is  difficult  to 
effectively  damp  some  of  the  harmful  HOMs  which  have 
only  weak  fields  near  to  the  waveguide  ports.  For  this 
reason  we  have  adopted  additional  HOM  damping  using  a 
beam-pipe  absorber. 

In  this  scheme  the  RF  power  of  the  high-frequency 
HOMs  (>  2.30  GHz  for  the  monopole  modes  and  >1.76 
GHz  for  the  dipole  modes,  respectively)  is  extracted  from 
beam  ports  of  <|)100  mm  (inner  diameter).  The  power  is 
then  absorbed  in  microwave  absorbers  in  the  beam  pipe, 
which  are  located  next  to  the  cavity.  For  the  absorbing 
material,  some  kind  of  silicon  carbide  (SiC)  is  most 
promising,  since  it  has  good  thermal  conductivity  (-  100 
W/m/K)  and  a  low  outgassing  rate. 

II.  REQUIREMENTS  FOR  THE  MICROWAVE 
ABSORBERS 


The  microwave  dissipative  property  in  lossy 
dielectrics,  such  as  in  the  SiC,  is  characterized  by  the 
effective  conductivity  (cr^),  which  is  equal  to  coe  -f  cr, 
where  €”  is  the  imaginary  part  of  the  permittivity,  c  the 
conductivity  and  CO  the  angular  frequency  [4].  In  order  to 
effectively  damp  the  HOMs,  the  loss  in  the  absorber  should 
be  as  high  as  possible.  On  the  other  hand,  an  absorber  that 
has  too  much  loss  is  not  acceptable,  because  it  would  have 
a  large  resistive-wall  impedance,  which  may  cause 
turbulent  bunch-lengthening.  According  to  the  following 
considerations,  we  have  concluded  that  an  effective 
conductivity  of  -100  siemens/m  is  a  good  compromise 
between  these  conflicting  requirements. 

In  the  ATF  DR  the  major  contribution  to  the 
broadband  impedance  comes  from  the  RF  section,  which 
comprises  four  cavity  units.  Figure  1  shows  one  cavity  unit, 
where  two  beam-pipe  absorbers  are  installed  next  to  the 
cavity.  We  have  considered  that  the  total  ring  impedance 
would  stay  modest  if  we  limit  the  loss  parameter  of  one 
absorber  to  be  less  than  -10%  of  that  of  one  cavity  unit. 
The  loss  parameter  of  the  cavity  unit  is  estimated  to  be  -1.0 
V/pC  (without  absorbers)  for  an  rms  bunch  length  of  5  mm. 
On  the  other  hand,  if  we  assume  the  absorber  to  be  a  simple 
resistive  wall,  having  a  constant  conductivity  of  the 
loss  parameter  of  the  absorber  would  be  given  by 

_r(3/4)^  nr~ 

where  r  is  the  inner  radius  of  the  absorber,  Ot  the  rms 
bunch  length  in  time,  r(jc)  the  gamma  function,  i  the 
absorber  length,  and  /j,  the  permeability.  Then,  an  effective 
conductivity  of  higher  than  100  siemens/m  is  required, 
using  the  following  parameters:  ^=150  mm,  r=50  mm,  and 
o>=16.7  psec.  It  has  been  confirmed  from  a  simulation  of 
the  longitudinal  collective  effects  that  the  above-mentioned 
effective  conductivity  is  acceptable  [5]. 

The  performance  of  HOM  damping  by  the  beam-pipe 
absorbers  has  been  evaluated  by  two-dimensional 
calculations  based  on  the  cavity  shape  without  waveguide 
ports.  The  Q-values  were  calculated  using  a  perturbation 
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(a)  Shunt  impedances  of  the  monopole  modes. 


Resonant  frequency  (GHz) 


(b)  Transverse  impedances  of  the  dipole  modes. 

Fig.  2.  Calculated  HOM  impedances.  We  assumed  an 
effective  conductivity  of  100  S/m  for  the  absorbers. 

method;  the  loss  due  to  the  finite  conductivity  was 
evaluated  after  the  eigenmodes  were  solved  for  perfect 
conducting  walls.  Note  that  Koseki  et  al.  found  good 
agreement  between  the  calculated  Q-values  (by  the 
perturbation  method)  and  the  measured  ones  for  their  500- 
MHz  cavity,  which  was  equipped  with  similar  SiC 
absorbers  [6].  Figure  2  shows  the  results  of  calculations  in 
which  an  effective  conductivity  of  100  siemens/m  was 
assumed  for  the  absorbers.  Regarding  the  monopole  modes 
above  the  cutoff  frequency,  except  for  several  modes,  the 
shunt  impedances  could  be  reduced  below  the  target  value 
<  2.5//[GHz]).  For  several  modes  that  could  not 
be  sufficiently  damped  by  the  absorbers,  we  can  expect 
further  damping  by  the  waveguide  ports,  because  such 
modes  tend  to  have  strong  fields  in  the  cavity.  The 
reduction  of  the  transverse  impedances  for  the  dipole 
modes  (above  the  cutoff  frequency)  is  sufficient. 

The  maximum  power  dissipated  in  the  absorber  has 
been  estimated  to  be  '-I  kW/absorber  under  the  most  severe 
operation,  which  includes  a  resistive  wall  loss  of  about 
20%. 

IIL  SEARCH  FOR  AN  ABSORBING 
MATERIAL 


(a)  Type  A.  (b)  Type  B. 

Fig.  3.  Cavity  resonators  used  for  the  measurement. 


Table  1.  Measured  effective  conductivity  (at  3  GHz)  of 
three  samples.  The  type  A  cavity  was  used^ _ 


Material 

Product  name 

(Jeff  (S/m) 

Sintered  SiC 

Reaction  bonded  SiC 

TiC-contained  ceramics 

CERASIC-B*) 

TPSS*) 

HC2**) 

800 

4.6x104 

*)  Toshiba  Ceramics  Corp.  **)  Nihon-tokusyu-tougyo  Corp. 
***)  Not  accurate  due  to  the  low  Q- value  of  ~12. 


A  search  for  an  absorbing  material  having  an 
appropriate  effective  conductivity  of  ~100  siemens/m  is 
under  way.  The  dissipative  property  of  the  samples  was 
measured  using  a  dielectric  probe  or  cavity  resonators.  In 
the  former,  the  real  and  imaginary  parts  of  the  complex 
dielectric  constant  are  directly  measured  by  a  dielectric 
probe  (HP85070A)  attached  to  an  HP8510C  network 
analyzer.  However,  it  was  found  that  the  samples  having  a 
conductivity  higher  than  several  hundreds  siemens/m  could 
not  be  measured  by  this  method.  Therefore,  we  mainly 
applied  the  latter  method,  in  which  the  effective 
conductivity  was  estimated  based  on  the  Q-values  of  a 
pillbox  cavity  resonator,  a  part  of  which  is  made  of  SiC 
(other  parts  are  made  of  aluminum  alloy),  using  the 
perturbation  method.  We  used  two  types  of  cavities  (see 
Fig.  3).  The  effective  conductivity  of  the  SiC  is  estimated 
by: 

~  f — 1  for  cavity  A 


1 

2co^l, 


for  cavity  B. 


Here  Qq  is  the  unloaded-Q  of  the  TM^np  mode,  co  the 
angular  resonant  frequency,  R  the  inner  radius  of  the 
cavity,  £  the  cavity  length,  and  5  the  Kronecker  delta. 

We  first  investigated  several  samples  which  are 
conunercially  available  from  industry.  Two  samples  of  SiC 
which  have  been  investigated  by  Koseki  et  al.  [6],  and  a 
sample  of  titanium-carbide(TiC)-contained  alumina 
ceramics,  were  measured.  The  results  are  given  in  Table  1; 
they  showed  a  wide-ranging  effective  conductivity. 
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Fig.  4.  Measured  effective  conductivity  of  the  sintered  SiC 
samples  as  a  function  of  the  addition  of  carbon. 

Although  the  use  of  a  reaction-bonded  SiC  (TPSS)  would 
be  acceptable  for  HOM  damping  [2],  a  search  for  a  more 
appropriate  material  is  under  way. 

One  such  R&D  effort  is  to  control  the  effective 
conductivity  of  the  sintered  SiC  during  the  production 
process.  Because  some  of  the  conductive  property  in  the 
SiC  is  considered  to  be  due  to  contaminated  free  carbon, 
we  tried  to  control  the  effective  conductivity  by  changing 
the  addition  of  carbon  to  the  raw  material  before  sintering. 
The  result  is  shown  in  Fig.  4,  which  is  very  promising.  We 
could  obtain  an  effective  conductivity  of  ~80  siemens/m 
with  a  6%  addition  of  carbon  in  the  first  case  (lot  #1). 
However,  it  could  not  be  reproduced  for  the  second 
samples  (lot  #2).  In  order  to  obtain  reproducible  products, 
we  are  searching  for  unknown  parameters  which  also  affect 
the  conductivity. 


standard  CERASiC-B  product 


•  samples  of  lot  #1 
o  samples  of  lot  #2 
Measured  with  cavity  B 

< 

>  < 

) 

the  SiC  and  the  beam  pipe  without  having  to  use  any 
difficult  joining  techniques,  such  as  brazing  a  large  SiC  to 
the  metal. 

A  prototype  beam-pipe  absorber  is  shown  in  Fig.  5. 
The  main  body  of  the  beam-pipe  is  made  of  OFHC  copper. 
The  cooling  channels  were  milled  from  the  outside,  UHV 
flanges,  made  of  stainless  steel,  were  electron-beam  welded 
(EBW)  to  the  pipe.  The  SiC  duct  was  fit  into  the  copper 
pipe  by  shrinking. 

The  prototype  absorber-pipe  is  ready  for  a  heat-load 
test,  which  is  to  be  carried  out  using  a  2.45-GHz 
microwave  source. 

V.  CONCLUSIONS 

Some  SiC  materials  having  an  effective  conductivity 
of  -100  siemens/m,  are  suitable  for  the  beam-pipe 
absorber.  A  sample  of  SiC  (TPSS)  which  could  be  used  for 
the  beam-pipe  absorber  was  found,  and  an  R&D  effort  to 
produce  an  SiC  having  more  appropriate  properties  is  under 
way.  The  fabrication  of  a  prototype  beam-pipe  absorber  has 
been  completed,  and  will  be  tested  under  heat  loads. 

A  measurement  of  the  wideband  characteristics  of  the 
SiC  and  an  accurate  estimation  of  the  broadband 
impedance  of  the  absorber  using  the  measured  properties 
are  the  next  subjects  to  be  studied. 
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IV.  DESIGN  AND  FABRICATION  OF  THE 
BEAM-PIPE  ABSORBER 

In  order  to  demonstrate  the  capability  of  high-power  (> 
1  kW)  absorption,  a  prototype  beam-pipe  absorber  was 
designed  and  fabricated.  For  fitting  the  SiC  to  the  inside  of 
the  beam-pipe,  a  shrinking  technique  was  applied,  which 
has  been  successfully  used  by  Izawa  et  al.  for  constructing 
a  similar-type  absorber  [7].  This  method  has  the  clear 
advantage  that  it  provides  good  thermal  contact  between 


Fig.  5,  Cross-sectional  view  of  the  beam-pipe  absorber. 
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This  paper  describes  a  high-power  test  model  of  the 
normal  conducting  RF  cavity  for  the  KEK  B  Factory,  KEKB. 
This  cavity  is  loaded  with  a  large  coaxial  waveguide  for 
higher  order  mode  (HOM)  damping.  The  waveguide  is 
equipped  with  a  notch  filter  designed  to  block  the  TEM  wave 
at  the  accelerating  frequency  of  509  MHz.  Other  waves 
coupled  with  the  cavity  HOMs  are  guided  through  the  filter 
and  absorbed  by  bullet-shape  sintered  SiC  ceramics.  This 
prototype  model  has  been  designed  and  built  to  demonstrate 
the  performance  in  high  power  operation  and  the  fabrication 
technologies  involved.  The  results  of  the  high-power  test  is 
reported  together  with  the  cavity  structure  and  its  RF 
properties. 

1.  INTRODUCTION 

The  KEK  B-Factory  (KEKB)  is  a  two-ring  asymmetric 
e+e"  collider  capable  of  producing  B  meson  pairs  at  a 
luminosity  of  cm"^s"^.  The  collider  consists  of  a 

3.5-GeV  positron  ring  and  an  8-GeV  electron  ring.  Both 
rings  are  required  to  store  high-current  beams  with  low 
emittances  to  achieve  the  design  luminosity. 

The  key  issue  in  the  RF  cavity  design  for  KEKB  is  how 
to  reduce  the  HOM  impedances  which  will  drive  coupled- 
bunch  instabilities  limiting  the  stored  beam  current.  A 
straightforward  way  to  reduce  the  HOM  impedances  is  to 
damp  the  HOMs  in  the  cavity  by  guiding  them  out  through 
dedicated  waveguides.  A  number  of  HOM-damped  cavity 
structures  have  been  proposed  and  studied  at  accelerator 
laboratories  around  the  world. 

In  addition,  the  operation  of  the  RF  cavities  under  the 
heavy  beam  loading  in  KEKB  will  give  rise  to  another  more 
serious  problem.  That  is  the  longitudinal  coupled  bunch 
instability  driven  by  the  accelerating  mode  itself  The 
resonant  frequency  of  the  accelerating  mode  should  be 
detuned  from  the  RF  frequency  toward  the  lower  side  so  as 
to  compensate  for  the  reactive  component  of  the  cavity 
voltage  induced  by  the  beam.  In  KEKB,  the  required 
detuning  frequency  for  a  conventional  copper  cavity  will 
exceed  the  revolution  frequency,  leading  to  the  large 
excitation  of  a  coupled-bunch  synchrotron  oscillation. 

A  new  RF  structure  named  accelerator  resonantly 
coupled  with  an  energy  storage  (ARES)  [1]  is  being  expected 
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as  a  breakthrough  in  the  development  of  the  ICEKB  normal 
conducting  RF  cavity  system.  In  the  ARES  scheme,  a  HOM- 
damped  accelerating  cavity  and  a  large  energy  storage  cavity 
operated  in  a  high-Q  mode  are  coupled  via  a  resonant 
coupling  cavity,  where  these  three  coupled  cavities  are 
operated  in  the  nil  mode.  The  storage  cavity  is  employed  to 
reduce  the  required  detuning  frequency,  which  is  inversely 
proportional  to  the  amount  of  the  electromagnetic  stored 
energy  with  respect  to  the  reactive  part  of  the  beam-field 
interaction  energy. 

A  high-power  test  model  of  a  HOM-damped  structure 
for  KEKB,  which  would  be  employed  in  the  ARES  scheme, 
has  been  designed  and  built  [2],  [3],  The  high-power  test  was 
carried  out  in  February,  1995. 

II.  CAVITY  DESIGN 

The  prototype  cavity  is  designed  on  the  basis  of  the 
following  HOM-damping  scheme:  the  cavity  is  loaded  with  a 
large  coaxial  waveguide  equipped  with  a  notch  filter.  The 
filter  blocks  the  TEM  wave  coupled  with  the  accelerating 
mode  while  passing  other  waves  coupled  with  the  cavity 
HOMs.  Damped  structures  with  this  scheme  were  devised  by 
Shintake  [4]  and  by  Akai  [5],  independently  of  each  other. 

A.  RF  Design 

A  schematic  drawing  of  the  prototype  cavity  is  shown  in 
Fig.  1.  RF  parameters  of  the  accelerating  mode  are  listed  in 
Table  1.  The  coaxial  waveguide  is  equipped  with  a  notch 
filter  of  a  quarter-wavelength  radial  line.  The  gap  dimensions 
of  the  waveguide  and  filter  structures  were  carefully 
determined  in  order  to  avoid  multipactoring  discharge  at  the 
RF  frequency  of  509  MHz. 

The  cavity  monopole  and  dipole  modes  are  coupled  with 
the  TEM  and  TEll  waveguide  modes,  respectively.  The 
first  TEM  stop  frequency  of  the  filter  must  be  exactly  tuned 
to  the  RF  frequency.  The  bump  structure  in  Fig.  1  can  be 
lathe-machined  for  this  purpose.  The  filter  structure  is 
deformed  in  order  to  raise  the  second  TEM  stop  frequency 
from  1390  MHz  to  1670  MHz.  For  the  TEll  waveguide 
mode,  the  first  and  second  stop  frequencies  are  530  MHz  and 
1680  MHz,  respectively. 
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Figure  1:  A  schematic  drawing  of  the  test  cavity 

Table  1:  RF  parameters  of  the  accelerating  mode 
fRf  (MHz)  508.6 

Vc  (MV)  0.6  ^ 

Pc  (kW)  75 

R  (MQ)  5.3  4.8 

R/Q  (Q)  150 

Q  3.5x104  3.2x104  ^  ’ 

(*)  A  degradation  of  -10%  due  to  copper  surface 

imperfection  and  ports  is  taken  into  account. 

Around  the  second  TEM  and  TEll  stop  frequencies, 
some  cavity  ROMs  could  be  trapped.  The  beam  bore 
diameter  is  enlarged  to  145  mm  in  order  to  lower  the  cutoff 
frequencies  of  the  beam  pipe  for  the  TMOl  and  TEll 
circular  waveguide  modes  below  the  second  stop  frequencies 
of  the  filter. 

The  filter  position  along  the  waveguide  not  only  affects 
the  accelerating  mode  Q  value  but  also  the  HOM-damping 
properties.  Waves  propagating  at  ROM  frequencies  are 
partially  reflected  at  the  gap  transition  denoted  by  F  in  Fig. 
1.  Therefore,  the  distance  from  the  waveguide  aperture 
denoted  by  A  to  the  gap  transition  should  be  carefully 
determined.  This  issue  and  the  ROM  characteristics  are 
discussed  in  references  [2]  and  [3]. 

Waves  passing  through  the  filter  are  guided  toward 
sixteen  SiC  absorbers  inserted  from  the  waveguide  end.  Each 
absorber  is  a  bullet-shape  sintered  SiC  ceramics  with 
dimensions  of  40  mm  in  diameter  and  400  mm  in  total 
effective  length  including  a  100-mm  nosecone  section  and 
directly  cooled  by  water  flowing  in  a  circular  channel  inside. 
The  high-power  test  of  a  bullet-shape  prototype  absorber  was 
carried  out  using  an  L-band  pulsed  klystron.  The  prototype 
functioned  without  any  vacuum,  thermal,  or  discharge 
trouble  up  to  an  average  RF  power  of  -2.5  kW.  The  R&D  of 
the  SiC  absorber  is  reported  in  Ref.  [6]  at  this  conference. 

B.  Mechanical  Structure  and  Assembly 

The  cavity  parts  with  heat  generation  inside  are  made  of 
oxygen-free  copper  (OFC).  Stainless  steel  is  used  for  the 


inner  and  outer  cylindrical  parts  for  the  ROM  damping 
coaxial  waveguide  to  mechanically  reinforce  the  whole 
cavity  structure.  Vacuum  furnace  brazing  and  electron-beam 
welding  techniques  are  employed  to  assemble  the  cavity 
parts.  Finally,  the  flanges  (shown  at  the  right  end  in  Fig.  1) 
of  the  outer  and  inner  cavity  parts  are  tightly  connected  and 
vacuum-sealed  by  TIG  welding.  Both  beam  bores  are  aligned 
by  using  an  optical  alignment  telescope.  The  alignment  error 
for  the  test  cavity  was  within  100  |im. 

III.  HIGH-POWER  TEST 

A.  Setup 

Figure  2  shows  a  photograph  of  the  test  cavity  with  an 
input  coupler  and  a  tuner  installed.  A  TRISTAN-APS  input 
coupler  [7]  capable  of  300  kW  transmission  power  was  used 
for  RF  power  feed.  This  coupler  uses  a  loop  coupling  and 
has  a  cylindrical  ceramic  window  at  the  rectangular-to- 
coaxial  transition.  The  coupling  factor  to  the  test  cavity  was 
adjusted  to  1,25  by  rotating  the  loop. 

A  TRISTAN-APS  tuner  was  used  for  tuning  the  cavity 
in  high  power  operation.  The  tuner  has  a  7-cm-diameter 
plunger  with  about  6  cm  of  travel.  This  gives  a  tuning  range 
of  about  1.8  MRz. 

The  measured  loaded  Q  value  of  the  accelerating  mode 
was  14000.  With  the  coupling  factor  of  1.25,  the  unloaded  Q 


Figure  2:  The  test  cavity  with  an  input  coupler  and  a 
tuner  installed. 
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Figure  3:  The  loaded-Q  responses  to  the  tuner 
position  for  the  cavity  with/without  the  absorbers. 


value  was  31500,  which  is  90  %  of  the  theoretical  value  (see 
Table  1)  by  SUPERFISH.  The  degradation  of  10  %  is 
probably  due  to  the  wall  surface  imperfection  and  the 
coupler  and  tuner  ports. 

Figure  3  shows  the  loaded-Q  responses  to  the  tuner 
position  for  the  cavity  with/without  the  SiC  absorbers 
installed.  The  coupling  factor  is  different  from  1 .25  for  high- 
power  test.  The  response  for  the  cavity  with  the  absorbers 
shows  a  more  rapid  decrease  compared  with  that  when  no 
absorber  is  installed.  This  is  due  to  distortion  of  the 
accelerating  field  by  the  tuning  plunger.  The  distorted  field 
will  excite  higher  coaxial-waveguide  modes  even  at  the  RF 
frequency.  The  higher-mode  waves  are  not  blocked  by  the 
notch  filter  and  thus  guided  to  the  absorbers.  Analysis  of  the 
field  distortion  using  the  numerical  simulation  code  HFSS 
showed  that  the  deformed  accelerating  mode  leaks  from  the 
notch  filter  in  the  TE21  coaxial- waveguide  mode.  Further 
investigation  is  in  progress  in  order  to  overcome  the  field 
deformation  arising  from  the  large  coupling  to  a  storage 
cavity  in  the  ARES  scheme. 
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Figure  4:  The  history  curve  of  the  first  RF 
conditioning. 


Finally,  the  cavity  was  conditioned  up  to  a  peak  RF  input 
power  of  110  kW.  Subsequent  high-power  tests  showed  that 
the  cavity  was  stably  operated  for  long  time  up  to  70  kW  and 
the  vacuum  pressure  was  below  5x10“^  Ton*.  Small  pressure 
rises  due  to  gas  bursts  were  frequently  observed  above  80 
kW  and  similar  events  were  sometimes  observed  at  40  kW. 
Further  RF  conditioning  is  planned  for  more  stable  high- 
power  operation. 


IV.  SUMMARY 

We  have  demonstrated  the  high-power  performance  of 
the  HOM-damped  accelerating  structure  for  KEKB. 
However,  further  R&D  work  is  required  for  more  stable 
high-power  operation  and  for  an  ARES  scheme  employing 
this  damped  structure. 

V.  REFERENCES 
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RF  power  was  supplied  by  a  CW  klystron  Toshiba 
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water:  70  1/min  for  the  cavity  cooling  circuits,  10  1/min  for 
the  input  coupler  and  tuner,  and  20  l/min  for  the  SiC 
absorbers.  The  cavity  was  evacuated  from  two  pumping 
ports  at  the  HOM  damping  coaxial  waveguide.  The  base 
pressure  was  3x10"^  Ton*  before  the  high-power  test. 

RF  conditioning  of  the  cavity  was  continuously  carried 
out  keeping  the  vacuum  pressure  below  -5x10"^  Torr. 
Figure  4  shows  the  conditioning  history.  It  took  about  four 
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or  in  the  notch  filter  although  no  light  emission  of  discharge 
was  observed.  The  cavity  was  conditioned  up  to  90  kW  in 
about  33  hours  and  then  the  first  high-power  test  was  ended. 
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POSSIBLE  CAVITY  CONSTRUCTION  TECHNIQUES  FOR  THE 
DIAMOND  STORAGE  RING 

D.M.Dykes  and  D.S.G.Higgins,  Daresbury  Laboratory,  Warrington  WA4  4AD,  U.K. 


Various  cavity  construction  techniques  are  being 
investigated  for  the  future  UK  light  Source  DIAMOND.  As 
well  as  the  usual  techniques  involving  machining,  brazing 
and/or  e-b  welding,  sputtering  onto  an  aluminium  former  and 
joining  electroformed  sections  by  electroplating  are  being 
considered.  The  results  of  preliminary  test  samples  will  be 
given. 

L  INTRODUCTION 

The  construction  technique  used  to  manufacture  an  RF 
cavity  is  critical  in  terms  of  cost,  construction  time,  ease  of 
construction  and  reliability  in  the  design  of  a  synchrotron 
radiation  source.  Three  techniques  have  previously  been 
used  by  Daresbury.  The  SRS  storage  ring  cavities  used 
forged  components,  fitted  on  a  mandrel  and  electroformed 
together].  The  present  booster  synchrotron  cavity 
components  were  e-b  welded  while  the  spare  was  vacuum 
brazed  [1].  Before  deciding  on  any  construction  technique 
for  the  future  UK  Light  Source  DIAMOND,  complete 
construction  by  an  electroforming  process,  and  sputtering 
copper  onto  an  aluminium  former  are  being  assessed. 

IL  DIAMOND  Cavity 

The  preliminary  design  for  the  future  3rd  generation 
light  source  DIAMOND  has  a  500  MHz  cavity  without  nose 
cones  to  give  good  HOM  characteristics  [2]  [4]  [5]. 
Multipoint  temperature  sensors  will  help  to  control  the 
temperature  of  the  cavity  body  to  better  than  0.05°C.  Tuning 
is  likely  to  be  of  the  plunger  type,  but  the  method  of  coupling 
to  the  waveguide  is  undecided. 


IIL  ELECTROFORMED  DESIGN 

A.  SRS  Cavity 

The  Present  SRS  Storage  Ring  cavity  is  a  500  Mhz 
reentrant  solid  copper  cavity,  it  has  plunger  type  tuning  and 
is  aperture  window  coupled  to  the  waveguide.  The  cavity  is 
water  cooled,  with  the  temperature  controlled  to  O.UC  to 
shift  any  potentially  dangerous  higher  order  modes  (HOM’s) 
outside  the  critical  operating  region.  [10]  It  was  constructed 
using  a  combination  of  electroforming,  machining,  brazing 
and  E  beam  welding. 


B.  Construction  method 

The  objective  is  to  maximise  the  proportion  of  the 
structure  electroformed  and  minimise  the  proportion  that 
requires  machining  and  other  techniques  such  as  welding. 


Figure  2.  Electroformed  Sections  before 
joining 
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1)  A  stainless  steel  master  of  the  cavity  is  produced  and 
split  into  logical  sections  by  wire  EDM. 

2)  Electroforming  tools  are  prepared  which  also  include 
features  to  locate  flanges  and  other  components  which 
will  be  grown  into  the  structure  to  avoid  the  need  for 
other  forms  of  joining. 

3)  The  components  are  electroformed  onto  the  tools  and 
when  the  required  thickness  is  reached,  the  component 
is  removed  by  pressing  and/or  heating. 

4)  The  completed  components  are  machined  to  ensure  a 
sound  joint  when  they  are  grown  together. 

5)  The  components  are  then  assembled  onto  a  jib  and 
grown  together  (see  fig  2). 

6)  The  central  supporting  spindle  is  removed  and  the 
sacrificial  aluminium  mandrel  is  etched  out. 

7)  The  cavities  are  then  assembled  onto  the  perturbation 
test  rig  where  the  primary  frequency  is  measured  and 
corrected,  if  necessary,  by  axial  deformation  of  the 
cavity. 

8)  Copper  baffles  are  attached  to  the  cavities,  wax  is 
placed  between  the  baffles  and  silver  conducting  paint 
is  used  to  coat  the  wax.  Copper  is  grown  over  the 
baffles  and  wax,  which  is  removed  through  heating 
thereby  creating  cooling  channels  [  7]. 

9)  The  mechanically  complete  cavity  is  assembled  onto  its 
support  stand  and  sent  for  testing  under  power. 


Ill  SPUTTERING 

Aluminium  cavities  although  commonly  used  to 
evaluate  new  designs,  are  rarely  used  in  accelerators  because 
of  ther  inferior  performance,  they  suffer  from  multipacting 
and  have  poorer  electrical  properties  than  copper  cavities  [8], 
However  aluminium  is  less  expensive  and  easier  to  form  into 
a  cavity  than  copper,  and  by  coating  with  copper  will  have 
the  same  operating  performance  as  a  solid  copper  cavity  [11]. 

Unfortunately  aluminium  cannot  be  electroplated 
directly  with  copper  but  requires  a  precoat  with  zinc,  and  this 
is  incompatible  with  UHV. 

Fortunately  the  development  of  superconducting  cavities 
has  provided  the  impetus  to  develop  sputtering  techniques 
using  cylindrical  magnetrons  (see  Figure  3)  which  can  be 
used  to  sputter  copper  as  well  as  niobium  [9]  [3]  [6]. 

An  aluminium  cavity  will  be  constructed  by  spinning 
two  halves,  after  maching  they  will  be  joined  and  the  ports 
added  by  welding  or  diffusion  bonding.  Work  is  continuing 
on  the  mechanical  design  of  such  a  cavity. 

After  pre- tuning,  copper  to  a  thickness  of  several  skin 
depths  will  the  sputtered  on  to  the  inner  surface  of  the  cavity. 


At  present  there  are  no  results  to  report  but  work  is  in 
progress. 


IV  EVALUATION  OF  MATERIALS  AND 
TECHNIQUES 

In  order  to  gain  confidence  in  the  manufacturing 
techniques  that  we  intend  to  use,  the  following  samples  are 
being  prepared  and  evaluated, 

1.  electroformed  copper  sheet  (outgassing  and 
microstructural  assessments). 

2.  Electroformed  copper  to  copper  vacuum  joint  (to  assess 
strength,  vacuum  leak  rate  and  effect  of  baking). 

3.  Electroformed  copper  to  stainless  steel  joint  (as  for  2). 

4.  Electroformed  copper-gold- stainless  steel  joint  (as  for  2 
and  3  above). 

Outgassing  Results  of  Test  Sample 

Sample  :  Grown  Copper  Plate. 

Sample  Form  :  Thin  copper  sheet  14  cm  by 

14.7  cm. 
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Blank  Run 

Copper 

Sample 

Conductance  (1/s) 

2.34 

2.34 

Surface  Area 

2 

Copper  (cm  ) 

0 

412 

Q  (mbarl/s) 

-09 

2.6  X  10 

4.6  X  10'®^ 

QT  (mbar  1/s /cm^) 

- 

-12 

4.9  X  10 

Principle 

Outgassing 

Species 

C0,H2,C02, 

H20 

C0,H2,C02, 

H2O 

Table  1  Outgassing  Rates  (Copper  Plate) 


The  outgassing  rate  Q  is  the  total  outgassing  rate  of  the 
sample  chamber  and  sample.  The  outgassing  rate  Qt  is  the 
net  outgassing  rate  of  the  copper  sample.  Both  outgassing 
rates  are  determined  after  a  24  hour  bake  at  250  C. 


Gas  Species 

Partial 
Outgassing 
(mbar  1/s) 
Blank  Run 

Partial 
Outgassing 
(mbar  1/s) 
Copper  Sample 

CO 

5.1  X  10'^^ 

7.5  xlO’^*^ 

H2 

2.3  X  10'*^ 

2.8  X  10'^^ 

CO2 

7.5  X  10'^^ 

1  0 

1.3  X  10 

H2O 

2.3  X  10'*^ 

4.7  X  10’^^ 

CH4,0 

1.4x10 

2.3  X  10'“ 

C 

1.4x10 

1.9  X  10'“ 

Table  2  Outgassing  Rates  (Copper  Plate) 


These  partial  outgassing  rates  are  total  rates  for  the 
system,  again  after  a  bake  cycle,  and  taken  about  10  hours 
after  the  system  temperature  reached  ambient. 

Leak  Chase  of  a  cylindrical  sample  of  the  same  material 
with  two  joints  grown  together  was  satisfactory,  with  a  leak 
rate  better  than  1  x  10"^. 

V.CONCLUSIONS  AND  FUTURE  WORK 

So  far  both  the  electroforming  and  the  sputtering 
techniques  appear  promising  although  the  sputtering 
technique  is  more  expensive. 

Work  is  about  to  start  on  testing  outgassing  rates  of 
joined  electroformed  copper  after  the  sample  has  been  baked 
to  250°C. 


Sputtered  samples  are  being  prepared  for  outgassing  rate 
tests. 

After  evaluation,  model  cavities,  probably  at  frequency 
of  IGHz.,  will  be  constructed  for  full  evaluation. 
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DESIGN  OF  THE  26.7  MHz  RF  CAVITY  FOR  RHIC* 


J.Rose,  J.Brodowski,  D.P.Deng,  S.Kwiatkowski,  W.Pirkl,  A.Ratti 
Brookhaven  National  Laboratory,  Upton,  N.Y.  11973 


Abstract 

The  accelerating  system  for  RHIC  operates  at  26.7 
MHz  (h=342)  and  must  capture  the  injected  beam,  accelerate 
it  to  top  energy,  and  shorten  the  bunches  prior  to  rebucketing 
into  the  storage  (h=2508)  system.  These  different  functions  set 
the  design  parameters  of  the  cavity.  The  frequency  of  26.7 
MHz  has  been  chosen  in  order  to  provide  large  enough  buckets 
to  capture  the  injected  beam  from  the  AGS  and  a  large  linear 
region  for  debunching  during  a  bunch  rotation  at  top  energy. 
Provision  of  the  large  linear  region  also  dictates  the  voltage 
requirement  of  400  kV  per  cavity.  The  cavity  must  be  tuned 
~90  kHz  to  compensate  for  the  change  in  speed  of  the  gold 
beam. 

L  ELECTRICAL  DESIGN 

A.  Constraints 

The  maximum  radius  of  the  cavity  must  be  kept 
under  450  nun  so  that  the  cavities  in  one  ring  do  not  encroach 
upon  the  beampipe  of  the  adjacent  ring.  An  effort  was  also 
made  to  try  and  limit  the  overall  length  to  about  2  meters  for 
ease  of  fabrication  and  plating.  The  400  kV  gap  voltage 
dictated  minimum  gap  dimensions  of  53  mm,  extrapolated 
from  test  data  on  an  existing  proof  of  principle  cavity.  An 
EIMAC  4CW 150000  tetrode  tube  was  chosen  to  drive  the 
cavity.  The  requirement  of  a  feedback  gain  of  100  predicated 
a  direct  coupling  of  the  amplifier  to  the  cavity  to  minimize  the 
delay  in  the  feedback  loop. 

B,  Final  cavity  design 

The  final  cavity  design  has  had  the  benefit  of  a  high 
power  Proof  of  Principle  cavity^  originally  designed  to 
withstand  200  kV  across  a  40  mm  gap.  A  successful  test 
program  has  reached  350  kV  with  5ms  pulses,  and  310  kV  for 
10  s  pulses,  limited  by  the  present  cooling  system.  For  the 
final  design  value  of  400  kV  in  the  gap,  the  accelerating  and 
capacitor  gaps  were  scaled  to  53.3  mm,  while  maintaining  the 
peak  to  average  field  ratio  at  1.6:1,  The  resulting  final  cavity 
design  is  a  capacitively  loaded  quarter  wavelength  coaxial 

*  Work  performed  under  the  auspices  of  the  Department  of  Energy 


geometry.  The  major  electrical  parameters  are  given  in  table  I. 


^shunt“f^'95Q 

Q=15750 

R/Q=60.3 

Power  Diss. 

Beam  Power  (X6 

Maximum 

@400kV 

upgrade) 

Power 

(Cu,  Theor) 

16  kW 

density 

84.2kW 

5.2W/cm’ 

Maximum 

Maximum 

Stored 

E-Field 

H-field 

Energy 

11.9  MV/m 

8930  A/m 

8  J 

First  Higher 

First  Higher 

Beampipe 

Monopole 

Dipole 

cutoff 

103  MHz 

200  MHz 

TMoi  945 

Table  I  Accelerating  cavity  electrical  parameters 


With  relatively  mild  beam  loading,  and  the  decision 
to  use  a  tetrode  with  a  50%  power  margin,  the  cavity  geometry 
was  determined  largely  by  thermo-mechanical  considerations. 
The  inner  conductor  has  a  radius  of  134.9  mm,  which  provides 
adequate  stiffness  for  it’s  length  of  1894.8mm.  This  also 
provides  sufficient  gap  capacitance  for  the  design  of  the 
mechanical  tuner  which  has  a  sensitivity  of  14  kHz/mm  at  it’s 
null  position.  The  maximum  electric  field  of  11.9  MV/m  is  on 
the  40  mm  radius  of  the  tip.  With  the  outer  radius  of  the  tank 
fixed  by  the  beamline  separation  of  the  collider  the  last  free 
parameter  is  the  capacitive  loading  and  inner  conductor  length. 
A  coaxial  capacitive  loading  was  used  to  keep  the  inner 
conductor  simple.  The  outer  conductor  of  the  capacitor  was 
incorporated  with  the  vacuum  tank,  allowing  cooling  channels 
to  be  welded  to  the  exterior  wall.  The  amount  of  loading  was 
influenced  by  keeping  the  peak  power  density  at  the  root  of  the 
inner  conductor,  which  increases  with  increasing  capacitance, 
to  ~5W/cm^.  This  very  conservative  value  allowed  the  use  of 
an  all  steel  construction.  Rough  tuning  is  to  be  accomplished 
by  designing  the  cavity  low  in  frequency,  and  taking 
successive  machining  cuts  on  the  inner  diameter  of  the 
capacitor  assembly  to  reach  the  design  frequency,  taking  into 
account  the  .005  imn  of  copper  plating  to  be  deposited  on  both 
inner  and  outer  capacitor  surfaces. 

C:  Tuner  design 

The  cavity  requires  a  -90  kHz  dynamic  tuning  range 
to  compensate  for  the  increase  in  ion  speed  during  acceleration, 
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from  26.65  to  26.74  MHz.  The  detuning  for  beam  loading 
compensation  falls  within  this  range.  Maximum  tuning  rate  is 
18  kHz/s  to  keep  up  with  the  superconducting  magnet  ramp, 
and  a  tuning  bandwidth  of  >15  Hz  is  required  to  meet  the 
maximum  allowable  phase  error  at  the  start  of  the  ramp. 

Both  ferrite  and  mechanical  tuning  options  were 
investigated  in  detail.  The  mechanical  tuner  was  chosen  by 
virtue  of  its  significantly  lower  cost,  while  still  meeting  the 
requirements.  The  mechanical  tuner  uses  a  DC  servo  to  drive 
the  gap  electrode  and  vary  the  gap  capacitance.  A  prototype 
tuner  is  described  in  detail  in  these  proceedings^. 

C:  HOM  Analysis  and  passive  damper  design 


The  cavity  was  designed  to  incorporate  broadband  HOM 
supressors  to  de-Q  the  HOM’s  which  may  lead  to  coupled 
bunch  instabilities.  The  higher  order  modes  were  calculated 
with  the  IVi-D  code  URMEL^  and  later  expanded  to  include 
the  amplifier  and  HOM  suppressors  which  broke  the  azimuthal 
symmetry  using  the  3-D  MAFIA  code.  The  resulting  HOM 
impedances  and  resonant  frequencies  were  incorporated  into 
coupled  bunch  growth  rate  calculations  using  the  expression"^ 


i: 


-1^ 


where  is  the  angular  synchrotron  frequency,  r,,,  is  the  bunch 
half  length  in  radians,  Iq  is  the  beam  current,  R  is  the  shunt 
impedance  and  is  the  total  if  voltage.  is  a  form  factor^ 
which  is  a  function  of  bunch  length  and  frequency  and  is 
between  0.6  and  zero  for  RHIC  parameters.  The  impedance 
limits  for  the  HOM’s  were  obtained  by  setting  the  growth  rate 
to  2'\  a  factor  of  5  below  the  damping  rate  of  the  injection 
error  damper,  and  solving  the  above  equation  for  the  shunt 
impedance  R.  The  impedance  limits  for  the  dipole  (dashed)  and 
quadrupole  (dotted)  instabilities  are  shown  in  figure  1,  with  the 
undamped  higher  order  monopole  modes  superimposed. 

A  loop  coupled  HOM  suppressor  reduces  these 
impedances  below  the  imposed  limit.  It  is  placed  at  the  shorted 
wall  to  get  the  most  coupling  with  a  minimum  of  self 
inductance,  which  limits  the  high  frequency  performance.  An 
optimized  loop  which  entered  the  shorting  flange  and 
terminated  on  the  inner  conductor  was  abandoned  despite 
superior  performance  because  of  the  increased  mechanical 
complexity.  The  loop  is  coupled  through  a  folded,  coaxial 
quarter  wave  notch  filter  to  reject  the  fundamental  and  is 
terminated  in  a  50  Q  load.  An  alternate  filter  approach  using 
a  fifth  order  high  pass  has  been  designed  and  will  be 
prototyped  prior  to  the  final  design.  It  has  the  advantage  of  a 
lower  fundamental  power  dissipation  (40W  versus  lOOOW  for 
the  notch)  but  presents  a  low  impedance  circuit  to  the  coupling 
loop  as  opposed  to  the  high  shunt  resistance  for  the  notch 
filter.  The  circulating  current  in  the  HOM  coupling  loop 
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Figure  1  Impedance  limits  with  undamped  HOM’s 
superimposed 


reaches  in  this  case  the  value  of  85  A  rms  (less  than  0.2  A  for 
the  notch),  and  the  current  density  in  the  finger  stock  contacts 
between  the  HOM  loop  and  the  vacuum  feedthrough  will  be  as 
high  as  15  A/cm,  The  final  choice  will  be  made  after  a  high 
power  test  program  on  the  existing  prototype  cavity. 

D:  Drive  loop  and  window  design 

Both  inductive  (loop)  and  capacitive  coupling  were 
investigated,  and  implemented  on  the  prototype  cavity.  Loop 
coupling  was  chosen  for  the  final  design  primarily  for  the  ease 
of  introducing  a  variable  coupling,  which  is  advantageous  for 
a  combined  function  system  whose  maximum  voltage  and 
power  is  likely  to  be  changed  in  different  operating  scenarios, 
as  well  as  being  mechanically  simpler  and  easier  to  cool.  A 
prototype  loop  has  been  operating  with  flat  rexolite  window  for 
the  past  year.  After  analysis  of  both  flat  and  cylindrical 
alumina  window  designs  a  cylindrical  window  of  120  mm 
diameter  and  70  mm  height  has  been  selected.  The  power 
dissipation  in  the  cylindrical  window  is  an  order  of  magnitude 
less  and  can  be  designed  to  be  very  uniform,  whereas  the 
power  density  in  the  flat  window  varied  by  a  factor  of  four 
from  the  inner  diameter  of  the  side  closest  the  cavity  short  to 
the  outer  diameter  on  the  side  facing  the  gap.  The  cylindrical 
window  can  be  made  thinner  while  still  withstanding  the 
vacuum  loading,  and  can  be  shielded  from  the  direct  cavity 
environment  and  so  be  less  likely  to  be  effected  by 
multipacting  and  contamination. 

11.  MECHANICAL  DESIGN 
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Although  the  cavity  must  provide  400kV  and  dissipate 
85  kW,  with  55  kW  in  the  inner  conductor  alone,  a  very 
simple  mechanical  design  allows  an  all  carbon  steel 


Figure  2  Accelerating  cavity  with  power  amplifier,  drive 
loop  and  HOM  coupling  loop 


construction  which  is  subsequently  copper  plated.  The  cavity 
is  composed  of  three  main  assemblies,  an  inner 
conductor/shorting  flange  assembly,  tank  assembly  and 
capacitive  spool  assembly.  The  cavity  with  power  amplifier, 
drive  loop  and  HOM  coupling  loop  is  shown  in  figure  2. 

The  inner  conductor  assembly  is  fabricated  from 
standard  steel  tubes.  The  inner  part  is  machined  to  size 
and  16  cooling  channels  are  machined  into  the  surface.  The 
outer  steel  shell  is  expanded  with  heating  tape  and  heat  shrunk 
over  the  inner  piece.  The  two  are  mig  welded  together  and  the 
part  leak  checked.  After  the  step  which  seats  the  shorting 
flange  is  machined  into  the  inner  conductor  it  is  installed  into 
the  flange  and  the  assembly  welded.  After  all  welding  of  the 
inner  conductor/  end  flange  assembly  the  final  machining  is 
performed.  All  distortions  caused  by  the  welding  are  removed 
in  this  process,  and  perpendicularity  between  the  inner 
conductor  and  flange  assured.  The  maximum  distance  from  the 
rf  heating  to  a  water  channel  is  5  mm.  This  results  in  a 
maximum  temperature  rise  of  15  T.  with  a  local  variation 
over  the  surface  of  5  ‘‘C. 

The  capacitive  spool  piece  is  a  cylinder  made  from 
rolled  plate,  mated  to  a  flange  made  from  steel  plate. 
Additional  stiffness  is  provided  by  welding  gussets  between  the 
flange  and  the  cylinder.  Cooling  channels  are  machined  into 
the  end  flange  with  cover  plates  welded  over  them,  while  the 
cylinder  has  steel  channels  welded  to  the  exterior  for  cooling. 

The  tank  is  again  a  cylinder  made  from  rolled  plate 
mated  to  flanges  of  plate  steel.  All  cooling  channels  are 
welded  to  the  outside  skin  of  the  tank.  The  rf  power  coupling 
port  and  vacuum  port  are  located  on  the  bottom  of  the  tank.  A 
separate  water  cooling  channel  encircles  the  power  coupling 


port.  The  vacuum  grill  is  a  separate  plate  sandwiched  between 
the  flange  on  the  tank  and  the  vacuum  pump.  It  is  a  6.5  mm 
copper  plate  with  slots  machined  parallel  to  the  current  flow  in 
the  tank.  Cooling  is  provided  by  brazing  a  cooling  tube  to  its 
circumference. 

All  metal  seals  are  used  throughout,  shielded  by 
beryllium-copper  rf  spring  seals  in  the  high  current  regions. 
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1.  ABSTRACT 

The  existing  rf  cavities  and  their  auxiliary  equipment  have 
been  operating  since  the  onset  of  the  National  Synchrotron 
Light  Source  project.  Although  most  power  supply 
components  have  since  been  upgraded,  the  rf  cavities  have 
remained  unchanged.  The  continuous  improvements  of  the  two 
storage  rings,  notably  the  combined  increase  in  energy  and 
current  level  as  well  as  their  reliability,  necessitated  a  new 
design.  A  complete  description  of  the  newly  designed  cavity 
and  its  input  power  window  will  be  described  in  this  paper. 
Selection  of  material,  vacuum  seal  mechanism  and  thermal 
conductive  ceramics  are  discussed.  A  comparison  between  the 
two  designs  and  expected  improvements  will  also  be 
presented. 

IL  INTRODUCTION 

The  National  Synchrotron  Light  Source  (NSLS)  is  a  dedicated 
user  facility  operating  since  early  1980.  Its  two  electron 
storage  rings  provide  synchrotron  radiation  with  spectrums 
ranging  from  Infra-red  to  X-Ray.  The  booster  and  the  two 
storage  rings  are  powered  with  rf  systems  operating  at  52.88 
MHz. 

The  two  storage  rings’  rf  cavities  have  almost  identical 
geometry  but  different  output  power  requirements.  Four 
cavities  are  currently  providing  rf  power  to  the  x-ray  ring 
under  operating  conditions  of  2.58  GeV  at  250  mA.  The 
design  current  of  500  mA  will  require  an  additional  75% 
power.  The  corresponding  I^R  losses  will  also  increase  nearly 
50%  [1],  Should  a  fault  in  one  system  put  demands  on  the 
remaining  cavities,  the  cavity  losses  will  be  increased 
significantly. 

The  present  rf  cavities  were  constructed  from  copper  clad 
steel.  Economic  restrictions  at  the  time  dictated  the  choice  of 
this  material  and  created  both  mechanical  and  electrical 
deficiencies.  These  included  poor  heat  transfer,  joints 
vulnerable  to  vacuum  leaks,  poor  interior  surfaces  and  water  to 
vacuum  joints.  The  performance  of  these  cavities  has 
necessitated  the  replacement  of  them  with  a  new  design. 


III.  NEW  DESIGN  CRITERIA 

Most  conventional  rf  cavities  are  fabricated  from  copper  or 
aluminum  material.  The  choice  of  aluminum  presents  some 
difficulties  due  to  poor  vacuum  characteristics.  Aluminum 
tends  to  adsorb  water  leading  to  oxidization.  This  increases 
the  coefficient  of  secondary  electron  emission,  a  phenomena 
that  is  unacceptable  for  storage  rings.  Extensive  conditioning, 
as  well  as  employing  various  suppression  techniques,  may  be 
needed  for  reaching  an  acceptable  vacuum  level.  This 
characteristic  is  undesirable  for  storage  rings. 

The  combined  electrical,  mechanical  and  vacuum 
characteristics  of  copper  make  it  the  better  choice  for  this 
design.  Disadvantages  were  the  physical  size  and  difficulties  in 
joining  the  flanges  to  the  main  body.  Therefore,  the  design 
philosophy  was  focused  on  minimizing  the  number  of  joints. 
This  approach,  although  more  expensive,  considerably 
increases  the  reliability,  which  was  a  main  criteria. 

IV.  DESIGN  FEATURES 

The  basic  cavity  design  consists  of  a  center  cylindrical  piece, 
two  end  covers  and  a  mushroom-shaped  center  electrode.  In 
addition,  the  number  of  manufacturing  operations  were  kept  to 
a  minimum  with  emphasis  on  no  water- to- vacuum  joints.  To 
accomplish  this,  use  of  traditional  Conflat  flanges  were 
eliminated  by  machining  MARMON  type  directly  onto  the 
main  forging.  The  use  of  a  commercial  spring  loaded 
seal/clamp  mechanism,  such  as  Helicoflex,  required  that  the 
sealing  surfaces  have  a  hardness  of  40  on  Rockwell  “B” 
Scale.  Several  tests  under  various  conditions  (i.e.  Rb>32, 
baked  at  150°C  for  24  hours),  were  performed  to  prove  the 
repeatability  and  reliability  of  this  design.  A  Rockwell  “B” 
hardness  of  30  proved  to  be  a  minimum  for  this  type  seal. 

The  center  electrode  accounts  for  80%  of  thermal  power,  of 
which  58%  is  deposited  in  the  stem  section.  A  series  of  blind 
circular  holes  are  to  be  gun  drilled  right  beneath  the  rf  surface. 
These  holes  serve  to  supply  and  return  cooling  water,  and  are 
linked  to  matching  cooling  channels  machined  on  the  center 
electrode’s  rear  disk. 
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The  equivalent  thermal  loads  were  extracted  from  the  output  of 
the  SUPERFISH  computer  code  program.  These  values  were 
used  as  boundary  conditions  on  structural  models  using  the 
finite  element  code  ANSYS.  A  series  of  rectangular  cooling 
channels  are  machined  at  optimum  locations  to  maintain  low 
temperature  gradients.  These  channels  will  be  covered  with 
copper  plates  sealed  by  EB  welds  along  all  edges  [Figure  1]. 

A  detachable  front  cover  provides  both  access  to  the  interior  as 
well  as  considerable  latitude  for  coarse  tuning.  The  use  of 
Helicoflex  seals  is  to  serve  both  as  a  vacuum  seal  and  an  RF 
seal.  This  feature  will  provide  the  opportunity  for  future 
consideration  of  an  adjustable  gap  tuning  mechanism  similar  to 
that  described  in  reference  [2]. 

V.  POWER  WINDOW 

The  present  power  window  utilizes  alumina  as  a  bamer 
between  the  air  and  vacuum.  It  is  a  six  inch  diameter,  50  ohm 
coaxial  structure  with  a  water-cooled  coupling  loop.  The 
assembly  is  relatively  heavy  and  cumbersome  to  install.  A 
disadvantage  of  this  design  is  the  low  thermal  conductivity  of 
the  ceramic.  This  property,  when  coupled  with  localized 
multipactor  electron  bombardment,  leads  to  vacuum 
breakdown.  Both  deficiencies  have  occurred  during  the 
course  of  NSLS  operation.  Future  increased  power 
requirements  have  also  made  it  necessary  to  upgrade  this 
design. 


IFRA-RED  DETECTOR 


Figure  2.  High  power  window  test  fixture 

It  is  currently  planned  to  change  the  alumina  (AI2O3)  to 
beryllia  (BeO),  whose  electrical  and  mechanical  properties  are 
comparable.  Each  has  a  low  dielectric  constant,  low  loss 
tangent,  and  high  electrical  resistivity,  but  the  thermal 


conductivity  of  BeO  approaches  that  of  aluminum  metal.  A 
test  set-up  consisting  of  two  identical  fixtures,  but  with  two 
different  ceramics  (AI2O3  &  BeO)  is  currently  being  assembled 
for  comparison  [Figure  2]. 

The  temperature  gradients  of  both  ceramics  will  be 
simultaneously  measured  while  under  power  with  direct  Infra¬ 
red  recording.  In  addition,  multipactoring  activity  can  also  be 
observed  from  windows  on  the  vacuum  side.  The  secondary 
electron  emission  coefficient  can  be  lowered  by  coating  the 
ceramic  surface  with  metal  compounds  such  as  TiN.  This 
technique  is  well  documented  and  will  be  applied,  if  necessary. 
Although  the  thermal  performance  is  expected  to  be 
proportional  to  the  thermal  conductivities,  the  overall  results 
will  be  published  at  a  later  date.  The  proposed  mechanical 
design  of  the  coupling  loop  will  be  simpler  than  the  existing 
one. 

VI.  CONCLUSION 

The  newly  designed  rf  cavities  for  the  x-ray  storage  ring  are 
based  on  all  OFHC  copper  material.  This  design  incorporates 
use  of  spring  loaded  seals  for  both  rf  and  vacuum,  clearly  a 
departure  from  the  present  norm  of  using  Conflat  flanges. 
Troublesome  transitions  between  stainless  steel  and  copper  are 
eliminated,  and  the  hardness  requirements  will  be  preserved  by 
using  EB  welding  (i.e.  localized  heating)  as  the  joining 
technique.  While  a  hardness  of  32  on  the  Rockwell  “B”  scale 
on  a  test  piece  was  found  to  be  acceptable,  the  cavity’s  flange 
will  have  a  requirement  for  a  hardness  of  40  or  better  on  the 
same  scale.  All  peripherals  will  stay  the  same,  including  a 
series  of  water  cooled  antenna  type  dampers  shorted  by  BeO 
resistor  ceramics.  The  temperature  control  system  is  expected 
to  be  more  responsive  than  before.  The  same  feedback 
technique [3],  using  infra-red  detection  will  be  used.  The 
means  of  detuning  will  also  be  the  same  as  present,  which  is 
by  insertion  of  a  variable  shorting  loop  in  the  cavity[3]. 
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Abstract 

A  small  untuned  RF  cavity  using  a  doubly  re-entrant 
resonator  and  Ni-Zn  ferrite  cores  with  highly  complex 
permeability  has  been  designed  for  a  compact  proton 
synchrotron.  A  new  method  for  power  feeding  named  as 
multiple  power  feeding  (multi-feed  coupling)  as  against  to 
direct  coupling  was  developed  to  increase  the  accelerating 
voltage.  The  RF  power  is  fed  into  the  cavity  through  a  set  of 
couplers  with  the  same  number  as  the  ferrites.  The  coupler 
consists  of  one-turn  loop  which  is  wound  on  to  each  ferrite  core. 
The  effect  of  multi-feed  coupling  was  verified  by 
measurements  of  the  VSWR  and  electric  field  in  the 
accelerating  gap  using  the  low  and  the  high  power  model 
cavities. 

1.  INTRODUCTION 

Recently,  proton  therapy  has  been  confirmed  to  have 
significant  advantages  for  treatment  of  tumors.  A  compact 
proton  synchrotron  dedicated  for  medical  use  which  consists  of 
combined  type  magnets  with  circumference  of  about  23m  has 
been  proposed[  1  ] .  In  clinical  use,  the  proton  beam  energy  must 
be  varied  from  70  to  230MeV  to  irradiate  various  depths  of 
tumors.  In  the  compact  ion  synchrotron,  a  required  accelerating 
voltage  becomes  relatively  lower  than  that  for  a  large  ion 
synchrotron  due  to  its  short  circumference.  Furthermore,  the 
medical  accelerator  system  should  be  easily  operated  by  non¬ 
professionals,  for  example,  a  medical  doctor,  a  nurse  or  a 
technician,  and  it  should  be  acceptable  in  public  hospitals. 
Based  on  these  conditions,  an  untuned  type  RF  cavity  in  which 
resonant  frequency  tuning  procedure  is  not  necessary  can  be 
adopted  as  an  accelerating  system  for  the  synchrotron. 

Untuned  type  RF  cavities  have  been  already  constructed  in 
several  laboratories[2]-[7].  These  cavities  consist  of  a  quarter 
or  a  half  wavelength  coaxial  resonator  and  magnetic  materials 
with  large  permeability.  Power  loss  in  the  magnetic  materials 
caused  by  the  imaginary  part  of  the  complex  permeability  plays 
an  important  role  in  obtaining  a  wide  operating  frequency 
range.  However,  in  general,  this  power  loss  makes  it  difficult  to 
get  a  high  accelerating  voltage  in  the  untuned  cavity.  We  have 
developed  a  small  ferrite  loaded  untuned  cavity  and  a  new 
method  of  power  feeding  so  as  to  increase  accelerating  voltage 
over  a  wide  frequency  range  for  the  proton  synchrotron.  In 
section  2,  the  principle  of  the  new  power  feed  method  is 
described.  The  cavity  construction  and  experimental 
verifications  of  the  new  power  feed  method  are  depicted  in 
section  3. 
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2.  METHOD  OF  POWER  FEEDING 

2.1  Direct  Coupling 

At  first,  the  usual  method  of  power  feeding,  known  as  direct 
coupling  is  considered.  The  untuned  cavity  is  given  as  a  simple 
RLC  resonant  circuit,  in  which  R,  L  and  C  correspond  to 
resistance  of  the  cavity,  inductance  of  ferrite  cores,  and 
capacitance  of  the  accelerating  gap,  respectively.  Then  RF 
power  is  fed  into  the  inner  conductor  directly  and  returned  to  the 
source  through  the  outer  conductor.  The  cavity  voltage  is 
given  as 

V,  =  ^2P\Z,\  ,  (1) 

where  P  and  are  net  power  and  the  shunt  impedance  of  the 
cavity,  respectively.  Thus,  the  following  equation  is  obtained, 

where  P^  is  the  generator  power  and  S  is  the  value  of  the  voltage 
standing  wave  ratio(VSWR).  The  Z^  depends  only  on  the 
inductance  L  of  the  ferrite  cores  because  their  permeability  is 
large  enough  to  get  sufficiently  lower  operating  frequency 
range,  1  to  lOMHz  typically,  in  an  ion  synchrotron.  As  Z^ 
increases,  a  large  impedance  mismatching  between  the  cavity 
and  the  power  source  occurs  and  almost  all  the  generator  power 
is  reflected  back  to  the  power  source.  Then  the  reflection  power 
becomes  too  large  to  operate  the  power  source  normally  under 
this  condition.  The  can  not  be  increased  because  of  the 
decrease  in  the  net  power  fed  into  the  cavity.  This  impedance 
mismatching  between  the  cavity  and  the  power  source  is  the 
main  cause  of  lowering  accelerating  voltage  in  the  untuned  type 
RF  cavity, 

2.2  Multiple  Power  Feeding 

In  order  to  reduce  the  reflection  and  increase  the  cavity 
voltage,  the  impedance  matching  must  be  improved  keeping 
the  cavity  impedance  higher.  To  solve  this  problem,  a  new 
power  feed  method,  here  after  we  call  multiple  power  feeding 
(multi-feed  coupling),  was  developed.  In  this  method,  the 
cavity  and  the  generator  power  are  divided  into  the  same  number 
of  loaded  ferrite  cores.  Figure  1  shows  the  equivalent  circuit  in 
multi-feed  coupling.  Assuming  n  the  loaded  number  of  ferrite 
cores,  the  cavity  is  constructed  by  a  series  connection  of  n  sub¬ 
circuits  whose  impedance  is  one-nth  of  that  of  direct  coupling. 
So  the  coupling  impedance  between  the  cavity  and  the  power 
source  can  be  decreased  to  one-nth  while  the  total  cavity 
impedance  is  equal  to  that  of  direct  coupling.  In  this  scheme,  it 
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Figure  1.  Equivalent  circuit  in  multi¬ 
feed  coupling. 

is  expected  that  the  reflection  power  is  much  reduced  by  using 
the  sub-circuits  and  the  cavity  voltage  is  increased  by  the  series 
connection  of  sub-circuits.  The  cavity  voltage  is  given  by 


V.  =  s/2P|z„ 


=  n- 


2  45/21 


= 


[l^S/nY^  ^ 

{S»n>l ) 


(3) 


where  is  the  cavity  impedance  in  multi-feed  coupling.  The 
ZJn  corresponds  to  the  impedance  of  the  sub-circuit.  If  the 
value  of  VSWR  is  large  enough(S»n>l),  can  be  •/n  times 
larger  than  V^.  In  this  analysis,  mutual  inductance  of  each 
ferrite  core  is  ignored. 

3.  EXPERIMENTS  WITH  MODEL  CAVITIES 

3.1  Cavity  Construction 

In  order  to  verify  the  effectiveness  of  multi-feed  coupling, 
a  low  power  model  cavity  was  made  and  tested  at  first.  RF 
characteristics  were  measured  by  the  VSWR  method[8]  using  a 


Table.  1  ©Parameters  of  RF  acceleration  system 


Machine  Parameters 

Lattice  Composition 
Circumference 

Injection  Energy 

Extraction  Energy 

Proton  Velocity  (p) 

Strength  of  Bending  Magnet 
Momentum  Spread  (Ap/p) 
Transition  Gamma  (yt) 
Harmonic  Number  (h) 
Repetition  Rate 
Acceleration  Pattern 

Combined  Function 

23m 

7MeV 

70-230MeV 

0.12-0.60 

0.23-1. 43T 

0.3% 

1.547 

1 

0.5Hz 

dB/dt=0  smooth  pattern  at 
acceleration  start  and  stop 

RF  Acceleration  Parameters 

RF  Cavity 

Ferrite  Loaded  Untuned 

Acceleration  Method 

Constant  Area  of  RF  Bucket 

Revolution  Frequency 

1.564-7 .769MHz 

Energy  Gain  (Vrf) 

O-lOOeV 

Cavity  Voltage  (Vc) 

150-450V 

Synchronous  Phase  ((()s) 

0-22deg 

Acceleration  Period 

0.7sec 

1  Cavity  Length  (includes  monitor)  <lm  | 

network  analyzer.  The  specifications  of  the  proposed  compact 
proton  synchrotron  and  the  accelerating  system  are  shown  in 
Table  1.  The  model  cavity  was  constructed  with  a  double  re¬ 
entrant  coaxial  resonator  and  Ni-Zn  ferrite  cores  manufactured 
by  Hitachi  Metals  Ltd.  The  outer  and  inner  diameters  of  the 
cavity  were  550  and  160mm,  respectively.  The  lengths  of  the 
cavity  and  the  accelerating  gap  were  400  and  50mm, 
respectively.  In  results,  the  cavity  impedance  is  independent  of 
these  lengths.  The  cavity  impedance  depends  only  on  the 
number  of  ferrite  cores  in  the  jBrequency  range  between  1.5  and 
7.8MHz.  The  dimensions  of  ferrite  cores  installed  in  the  cavity 
were  500  and  280mm  in  outer  and  inner  diameters,  respectively 
and  25.4nim  in  thickness  with  the  complex  permeability  of 
about  (1000,100)  at  5MHz.  In  multi-feed  coupling,  the  RF 
power  was  first  split  into  the  same  number  of  loaded  ferrite 
cores  by  the  power  splitter  and  then  each  of  them  was  fed  into 
the  cavity  through  the  one-turn  coil  which  was  wound  on  each 
ferrite  core.  The  winding  direction  of  the  one- turn  coil  must  be 
chosen  in  order  to  generate  the  magnetic  field  on  the  same 
direction  in  each  ferrite  core  even  if  the  phase  of  the  RF  power  is 


Figure  2.  Block  diagram  for  low  power  measurements 
different  between  each  other. 

3.2  Measurements  of  VSWR 

In  multi- feed  coupling,  the  VSWR  or  the  impedance  of  the 
cavity  must  be  decreased  to  an  nth  part  of  the  VSWR  in  direct 


(a)  cirect  coupling. 


(b)  lulti-feed  coupling. 

Figixe.  3  The  frequency  dependence  of  the  VSWR 
as  a  function  of  the  loaded  number  of  ferrite  cores. 
F  indicates  the  loaded  number  of  ferrite  cores. 
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coupling.  Figure  2  shows  the  block  diagram  of  the  low  power 
measurements  in  the  multi-feed  coupling.  The  frequency 
dependence  of  the  VSWR  was  measured  by  changing  the 
number  of  ferrite  cores  in  each  coupling.  Experimental  results 
are  shown  in  Figure  3.  The  VSWR  in  direct  coupling  increases 
in  proportion  to  the  number  of  ferrite  cores.  But  in  multi-feed 
coupling,  the  VSWR  is  nearly  constant  for  any  number  of 
ferrite  cores  in  the  range  from  2  to  lOMHz,  though  the  total 
impedance  of  the  cavity  becomes  large  in  proportion  to  the 
number  of  ferrite  cores.  So  the  VSWR  in  multi-feed  coupling  is 
equal  to  that  with  one  ferrite  core  in  direct  coupling,  and  the 
decrease  of  the  VSWR  is  confirmed.  From  these  results,  it  is 
evident  that  the  mutual  inductance  of  each  ferrite  core  can  be 
neglected  and  the  equivalent  circuit  analysis  is  valid. 


A  Pg=200W 
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Figure  5.  The  voltage  ratio  normalized  by  the  voltage  of 
direct  coupling  in  the  high  power  model  cavity.  Pg 
indicates  generator  power. 


3.3  Measurements  of  Electric  Field 

Direct  measurements  of  electric  field  in  the  accelerating  gap 
were  performed  using  the  low  and  the  high  power  model 
cavities.  The  high  power  model  cavity  is  the  same  as  the  low 
power  model  cavity  except  for  the  gap  and  cooling  structures. 
The  accelerating  gap  was  vacuum  sealed  by  a  ceramic  duct. 
The  electric  field  was  measured  by  a  pick-up  antenna  consisting 
of  a  semi-rigid  coaxial  cable  whose  tip  was  exposed  to  the  gap 
field.  The  number  of  the  ferrite  cores  was  fixed  at  4  in  the  low 
power  model  and  at  8  in  the  high  power  model  cavity.  Figure  4 


Figure  4.  The  voltage  ratio  normalized  by  the  voltage  of 
direct  coupling  in  the  low  power  model  cavity. 

shows  the  voltage  ratio  normalized  by  direct  coupling  in  each 
model  cavity.  Figure  5  also  shows  the  generator  power 
dependence  of  the  voltage  ratios.  In  the  figures,  solid  and  dotted 
lines  are  the  calculated  voltage  ratios  obtained  from  equation 

(3)  using  the  VSWR  measured  by  the  low  power  experiments. 
Measured  and  calculated  voltage  ratios  are  in  good  agreement 
in  each  model  cavities.  In  figure  5,  the  accelerating  voltage 
increases  as  a  function  of  .  The  mean  values  of  the  voltage 
ratio  are  1 .5  and  2.0  for  the  cases  in  which  the  loaded  number  of 
ferrite  cores  are  4  and  8,  respectively.  These  values  can  be 
obtained  from  equation  (3)  substituting  n=4,  S=10  for  the  low 
power  and  n=8,  S=12  for  the  high  power  model  cavity.  So  it  is 
confirmed  that  the  cavity  voltage  can  be  increased  and  the 
generator  power  also  can  be  reduced. 


4.  CONCLUSION 

A  new  method  of  power  feeding  named  multiple  power 
feeding  (multi-feed  coupling)  has  been  developed  in  order  to 
increase  the  accelerating  voltage  and  reduce  the  reflection 
power  from  the  cavity.  The  RF  power  is  fed  into  the  cavity 
through  one-turn  coil  which  is  wound  on  to  each  ferrite  core. 
The  low  and  high  power  model  cavities  which  consisted  of  the 
doubly  re-entrant  coaxial  resonator  and  Ni-Zn  ferrite  cores  have 
been  made  and  tested.  The  effects  of  multi-feed  coupling  are 
verified  by  measurements  of  the  VSWR  and  electric  field  of  the 
gap.  In  multi-feed  coupling,  for  the  case  with  8  ferrite  cores  in 
the  cavity,  it  is  possible  to  get  the  accelerating  voltage  about  2.0 
times  as  large  as  that  of  direct  coupling. 
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This  work  presents  research  results  on  a  novel 
analytical  model  of  electromagnetic  systems  coupling 
through  small  size  holes.  The  key  problem  regarding 
interactions  of  two  cavities  through  an  aperture  in  separating 
screen  of  finite  thickness  without  making  assumption  on 
smallness  of  any  parameters  is  considered.  We  are  the  first  to 
calculate  on  the  base  of  rigorous  electromagnetic  approach 
the  coupling  coefficients  of  the  cylindrical  cavities  within  the 
limit  of  small  aperture  and  infinitely  thin  separating  screen. 
The  numeric  results  of  electromagnetic  characteristic 
dependencies  that  have  been  impossible  to  perform  on  the 
base  of  previous  models  are  given. 

INTRODUCTION 

The  problem  of  electromagnetic  systems  coupling 
has  been  in  the  focus  of  scientific  attention  for  over  40  years. 
The  approach  of  tackling  this  problem  with  the  use  of  the 
concepts  of  equivalent  electric  and  magnetic  dipole 
moments,  suggested  in  [1,2],  proved  to  be  fruitful.  On  its 
base  various  electromagnetic  characteristics  of  interacting 
objects  have  been  studied  (see  [3-10]  and  literature  cited 
therein).  The  key  element  this  approach  is  employment  of  the 
“static”  analysis  used  for  determination  the  fields  in  the 
immediate  vicinity  of  the  hole.  Clearly,  this  procedure  is 
valid  only  if  the  hole  dimensions  are  small  compared  to  the 
wave  length.  Besides,  the  apertures  have  to  be  placed  at  a 
remote  distance  from  the  borders  of  the  electromagnetic 
systems  being  considered.  This  notwithstanding,  the 
developed  methods  allowed  not  only  to  calculate  the  number 
of  important  characteristics,  but  formulate  (or  lay  the  basis) 
for  entirely  new  approaches  for  consideration  of  different  RF- 
de vices.  This  approach  exerted  considerable  influence  on  the 


theory  of  slow-wave  structures  based  on  utilization  of 
resonant  properties  of  electromagnetic  systems  (disk-loaded 
waveguides,  coupled-cavity  chains,  etc.) 

However,  even  to  this  day,  there  have  not  been 
developed  general  methods  of  calculations  of  small  aperture 
coupling  coefficients  from  which  the  ’’static”  results  could  be 
obtained  by  means  of  the  limit  transition  coa/C“>0. 
Development  of  such  methods  would  permit  not  only  to 
assess  the  region  of  applicability  of  “static”  results,  but  also 
to  expand  the  frontiers  of  problems  regarding  RF-interactions 
that  can  be  rigorously  solve  (correct  evaluation  of  the 
separating  screen  thickness,  the  vicinity  of  walls,  etc.)  It  must 
be  noted  that  several  efforts  were  made  to  push  forward  the 
frontier  of  applicability  of  the  “static”  approach  [4,10]. 
However,  the  accurateness  of  the  proposed  techniques  cannot 
be  proven  within  the  framework  of  the  models  considered. 

Development  of  novel  analytical  method  for 
investigation  of  electromagnetic  systems  coupling  through 
small-size  apertures  is  also  important  considering  the  fact 
that  there  are  difficulties  of  utilization  the  widely  developed 
electromagnetic  simulations  techniques  in  this  particular 
area.  These  difficulties  are  associated  with  the  requirements 
of  very  high  precision  mathematical  models  to  be  used  for 
small  coupling  holes,  since  the  relative  correctness  of  a 
model  has  to  be  smaller  than  the  coupling  coefficients. 

BASIC  EQUATIONS  AND  RESULTS 

Let  us  consider  two  ideal  conducting  co-axial 
cylindrical  cavities  coupled  through  a  cylindrical  aperture  of 
the  radius  a  in  the  separating  planar  screen  of  the  thickness  t. 
The  radii  and  lengths  of  the  first  and  second  cavities  will  be 
designated  bj,dj  and  b2,d2,  respectively.  To  constiuct  a 
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mathematical  model  of  the  electromagnetic  system  under 
consideration,  we  will  use  a  relatively  novel  method  of 
partially  crossed  regions  (see,  for  instance  [11,12].  As  the 
first  and  second  regions,  we  will  take  the  cylindrical  cavity 
volumes;  for  the  third,  a  cylinder  that  is  co-axial  with  the 
coupling  hole  ,  its  radius  being  equal  b3  =a.  This  cylinder 
projects  into  the  area  of  the  first  cavity  for  the  length  dj^  and 
into  the  second  one  for  the  length  d2*,  the  cylinder  length 
being  ^^=di^  +d2^+t. 

In  each  region,  we  expand  the  electromagnetic  fields  in 
terms  of  the  orthonormal  complete  set  of  field  functions 
without  the  hole.  We  can  get  a  set  of  equations  for  field 
amplitudes  only  in  the  1-st  and  2-nd  regions: 


This  uniform  set  of  equations  describes  the  interaction 
of  two  infinite  sets  of  oscillators,  which  are  eigenmodes  of 
closed  cavities  (without  the  coupling  hole  in  the  separating 
screen),  being,  in  principle,  fit  to  be  used  for  calculations  of 
necessary  electromagnetic  characteristics  of  coupled  cavities. 
However,  this  set  of  equations  has  three  drawbacks  that  make 
it  difficult  to  carry  out  both  analytical  investigations  and 
numerical  calculations.  Firstly,  the  structure  of  this  set  of 
equations  does  not  yield  a  possibility  to  obtain  analytical 
results,  in  particular,  in  the  well  studded  limit  t=0  and  aH^O, 
Secondly,  this  set  is  two-dimensional,  and  it  is  necessary  to 
have  great  calculative  resources  to  solve  it.  Thirdly,  owing  to 
the  presence  of  field  peculiarities  at  acute  angles  of  the  hole 
in  the  screen  the  coefficients  i  decrease  slowly  with 


increasing  indices.  Our  studies  show  that  this  set  of  equations 
can  be  reduced  to  such  a  form  that  has  no  first  or  second 
drawbacks: 


2a" 


3jcb^diJi(X,i) 


A  A  a^^^ 

^'‘1,1^0,!  ,2 


(2.1) 


A  - 


37tb2d2Jf(X,,) 

^2^I^  .  (1) 


(2.2) 


where  the  coefficients  A- which  determine  the  frequency 
shifts  and  cavities  coupling,  are  defined  by  the  expression 


bi  s=i 

(i  kl 

and  Wg  are  the  solutions  of  some  sets  of  linear  algebraic 
equations. 

First  of  all,  let  us  become  clear  on  the  influence  of 
electromagnetic  field  non-potentiality  in  the  interaction 
region  on  A-  -values,  since  in  all  previous  research  studies 

[1-4,7  ]  on  coupling  through  small-size  holes  the  assumption 
about  field  potentiality  in  the  vicinity  of  the  hole  were  made. 
In  our  model  investigation  of  this  problem  is  reduced  to 
studying  the  dependence  of  the  coefficients  Ajj^  on  the 

frequency  f;  the  case  f=0  corresponds  to  the  assumption  of 
field  potentiality  in  the  interaction  region.  Since  frequency 
comes  into  the  appropriate  coefficients  only  in  the  form  of 
expression  Q=coa/c,  then  it  follows  that  A-variation  with 
increasing  frequencies  from  0  to  fQ^Q  must  be  dependent  on 
coupling  aperture  size  -  the  smaller  a  the  weaker  dependence 
of  A  on  frequency.  This  is  confirmed  by  the  calculations 
results  ( Tab.l.). 

.Table  1.  Dependence  of  Aj  j^=A  coefficients  and  coupling 


coefficients  A  on  frequency  f  (dj=:  d2=  3.5  cm, 
bj=b2=4  cm,  t=0.0  cm,  f^^Q  =2.868563  GHz) 


(a=l  cm) 

(a=1.5  cm) 

A 

A 

A 

A 

0.896590 

0.012606 

0.788984 

0.037440 

1 

0.793784 

0.037667 

2 

0.900862 

0.038352 

3 

0.903614 

0.012705 

From  Tab.l  it  follows  that  an  error  in  calculations  of 
the  coupling  coefficients  A  (a  =  2a^A/37tb^djjJ (?ij ))  at 
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a=l  cm  is  on  the  order  of  10"^  ( the  equivalent  frequency  shift 
being  «300  kHz)  and,  consequently,  all  calculations  can  be 
made  in  static  approximation.  Yet,  already  for  a=1.5  cm  the 
error  is  of  the  order  of  2x10^  (the  equivalent  frequency  shift 
being  ~  6  MHz),  which  is  inadmissible  for  precise 
calculations. 

Of  importance  for  applied  use  is  the  dependence  of  the 
coupled  coefficients  on  the  coupling  aperture  radius  a. 
Analysis  indicates  that  depends  both  on  the  above 

parameter  £2=coa/c  and  on  relation  of  a  to  all  cavity 
geometrical  parameters  and  screen  thickness  (a/dj,  a/bj,  a/t, 

j  =  l,2).  Results  of  the  calculations  of  the  relationship  of 
interest  on  basic  of  our  model  in  the  static  approach  (f=0)  are 
given  in  Fig.l.  Fig.l  also  shows  the  results  of  calculations  for 
various  values  of  the  parameter  a/t  at  a/d  j  ^0,  a/b  j  — >0  [9]. 


A  i,j 


Fig.l,  Dependence  of  coefficients  Ajj^  on  the  coupling 
aperture  radius  a  (Ajj^=A  -  t=0,  Ajj,  Aj2  ■  t=0,4cm, 
d  j  =  d  2  =3.5  cm,  b  1  =  b  2  =4  cm,  f=0,  marks  show  the 
results  of  calculations  from  [9] ). 

It  follows  from  Fig.l  that  taking  into  account  the 
finitness  of  parameters  a/d  and  a/b  lead  not  only  to  a  drastic 
change  of  the  numerical  values  of  the  coupling  coefficients, 
but  to  change  the  functional  dependence  of  A  -  on  a.  For 

instance,  at  a  finite  thickness  of  the  screen  the  coefficient 
All  which  determines  the  cavity  eigenfrequency  shift 

decreases  with  increasing  a,  contrary  to  what  one  can  obtain 
from  the  results  of  the  paper  [9]. 


On  this  way,  we  put  forward  a  novel  analytical  model 
for  studding  the  coupling  of  two  cavities  through  an  aperture 
in  separating  screen  of  finite  thickness  without  making 
assumption  on  smallness  of  any  parameters, 
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MEASUREMENT  OF  MULTIPACTING  CURRENTS  OF  METAL 

SURFACES  IN  RF  FIELDS 


D.  Proch,  Deutsches  Elektronen-Synchrotron  DESY,  Hamburg,  Germany  and 
D.  Einfeld,  R.  Onken,  N.  Steinhauser,  Fachhochschule  Ostfriesland,  Emden,  Germany 


Abstract  complicated  geometry  to  be  coated.  The  improvement  also 

depends  on  coating  conditions  of  large  technical  surfaces. 

Multipacting  currents  can  absorb  RF  energy  and  produce  Therefore  a  test  resonator  was  developed  to  measure  the  RF 
breakdown  in  high  power  components  such  as  couplers,  multipacting  current  directly  under  various  coating  conditions, 
windows,  higher  order  mode  absorbers,  etc..  This  phenomenon  For  fast  turn  around  this  resonator  should  allow  a  fast 
starts  if  certain  resonant  conditions  for  electron  trajectories  aie  exchange  of  the  multipacting  electrodes  and  should  operate  at 
fulfilled  and  if  the  impacted  surface  has  a  secondary  yield  larger  low  power.  In  this  paper  the  design  of  such  a  test  resonator  is 
than  1.  There  are  known  recipes  to  reduce  the  secondary  yield  given  and  first  measurements  on  different  coatings  are 
by  coating  techniques  but  the  success  rate  is  often  presented, 
unsatisfactory.  Therefore  we  have  started  systematic 

measurements  of  the  RF  multipacting  current.  We  measure  the  11.  DESIGN  OF  THE  TEST  RESONATOR 
multipacting  current  between  two  electrodes  of  a  specially 


designed  coaxial  resonator.  Technical  surfaces  (Cu,  plated  Cu 
on  stainless  steel,  Al,  stainless  steel)  have  been  investigated 
before  and  after  surface  treatments  such  as  chemical  cleaning, 
baking  and  Ti  coating.  We  present  data  for  the  strength  of 
multipacting,  start  current,  processing  time  and  possible 
reconditioning. 


The  resonant  condition  for  two  side  multipacting  in  an 
electric  field  is  given  by: 


(2n-l) 


order  of  multipacting  (n:  1,2,3,...) 


I.  INTRODUCTION  fiequency 

1  [m]:  gap  distance 


Multipacting  is  a  phenomenon  of  resonant  electron 
multiplication: 

•  one  electron  is  accelerated  by  the  electric  RF  field  and  hits 

the  target  surface  after  one  even  (odd)  number  of  RF  half 
cycles  as  resonant  condition  for  one  (two)  surface 
multipacting, 

•  the  impacting  electron  produces  more  than  one  secondary 

electron. 


m  [kg]:  mass  of  electron 

e  [C] :  charge  of  electron 

E(n)  [ V/m] :  resonant  electric  field  gradient 

The  magnetic  RF  field  in  the  center  gap  of  a  reentrant 
resonator  is  small  as  compared  to  the  electric  RF  field. 
Therefore  two  side  multipacting  according  to  equation  (1)  is 
expected  in  such  a  resonator.  The  experiment  prooved  that 
multipacting  actually  occures  at  the  predicted  field  levels.  This 


These  two  conditions  have  to  be  fulfilled  in  order  to  start 
an  electron  avalanche.  This  electron  current  might  result  in 
severe  limitations  of  the  stored  energy  in  microwave 
components  or  finally  ignite  a  breakdown.  To  suppress  these 
limitations,  the  resonant  condition  can  be  avoided  by  proper 
choice  of  geometry.  Resonant  conditions  for  a  parallel  plate 
geometry  in  pure  electric  fields  can  be  easily  predicted  and  thus 
be  avoided  by  the  right  gap  distance.  In  the  case  of 
electromagnetic  fields,  however,  multipacting  is  simulated  by 
tracking  programs.  In  the  case  of  complicated  three 
dimensional  RF  components  a  simulation  of  electron 
trajectories  becomes  very  demanding.  Furthermore  the  RF 
design  might  not  allow  to  change  the  geometry  by  the  needed 
amount. 

Therefore  attempts  are  undertaken  to  suppress  multipacting 
by  proper  coating  of  critical  surfaces.  A  material  for  coating  is 
chosen  which  has  a  secondary  yield  of  smaller  than  or  at  least 
near  by  one.  Different  coating  materials  are  known,  for 
example  Ti,  TiN,  Cr02,  etc.  [1]  .  Those  materials  have  been 
investigated  by  measuring  the  secondary  yield  in  DC 
experiments  on  sample  surfaces.  RF  components  might  have 

0-7803-3053-6/96/$5.00  ®1996  IEEE 


In  e"  Out 


Figure  1 :  Test  resonator 
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resonator  has  been  also  analysed  by  trajectory  calculations  and 
is  discussed  in  [2]. 

A  resonant  frequency  of  500  MHz  has  been  chosen  because 
of  available  laboratory  equipment.  The  gap  distance  of  10  mm 
is  rather  large  but  hereby  dimension  tolerances  by  many 
assemblies  can  be  neglected.  Typically  10  watts  of  RF  power 
is  needed  to  reach  first  order  multipacting.  The  diameter  of  the 
resonator  is  uncritical  and  was  chosen  according  to  available 
material. 

The  resonator  is  fabricated  from  copper  (resonator)  and 
stainless  steel  (flange)  plated  with  copper.  The  two  ports  on 
the  top  cover  are  used  for  pumping  and  RF  coupling.  Both  RF 
antennas  have  the  same  coupling  in  order  to  maintain  the 
symmetry  of  the  central  electric  field.  A  small  coaxial  line 
penetrates  the  upper  center  electrode  to  give  a  direct  measure  of 
the  multipating  current. 


length 

mm 

113 

outer  diam. 

mm 

100 

inner  diam. 

mm 

42 

gap  distance 

mm 

10 

resonance  frequ. 

MHz 

500 

watts/1  kV  gap 

5.88  X  10-3 

typ.  unloaded  0 

5x  103 

Table  1 :  Data  of  the  multipacting  resonator 
IIL  MEASUREMENT  PROCEDURE 


After  assembly  of  a  pair  of  electrodes  the  upper  Conflat 
flange  is  closed  and  the  resonator  is  pumped  to  better  10“^ 
mbar.  The  generator  is  locked  to  the  cavity  resonance  and  the 
antennas  are  calibrated  at  low  RF  feld  level.  Then  the  RF 
power  is  modulated  up  to  20  watts  with  a  saw-tooth  generator 
of  0. 1  Hz.  The  onset  of  multipacting  current  is  measured  and 
the  order  of  multipacting  is  determined  from  the  calibrated  gap 
electric  field  gradient.  The  magnitude  and  the  processing 
behavior  of  the  mutipacting  current  are  measured  the  following 
way: 


•  the  RF  cavity  power  is  set  to  5  watts  above  the  onset  of 

multipacting, 

•  the  cavity  is  operated  under  these  conditions  with  the 

generator  frequency  locked  to  the  cavity, 

•  the  multipacting  current  will  decrease  and  the  cavity  field 

will  increase  until  the  electron  current  completely 
disappears.  At  this  moment  the  cavity  field  will  jump  up 
to  the  undisturbed  value, 

•  the  cavity  is  operated  for  about  2  h  after  the  first  processing 

because  sometimes  multipacting  will  reappear. 

From  the  above  given  procedure  the  following 
characteristic  data  are  extracted: 

•  order  of  observed  multipacting, 

•  typical  decay  time  of  multipacting  current  during 

processing, 

•  time  needed  to  overcome  multipacting, 

•  tendency  of  deconditioning. 

IV.  MEASURED  RESULTS 

For  each  measurement  one  pair  of  electrodes  (=  one  sample) 
is  prepared  and  installed.  Most  work  has  been  done  with  Cu 
and  stainless  steel  samples  to  calibrate  the  measurement 
equipment  and  to  test  the  reproduceability  of  the  multipacting 
behavior.  6  Cu  samples  (3  from  OFHC  copper,  3  from 
standard  copper)  and  4  stainless  steel  samples  have  been 
fabricated.  After  each  measurement  the  samples  were  slightly 
chemically  polished  so  that  a  new  surface  was  prepared  for  the 
next  measurement.  Some  Cu  samples  were  coated  with  Ti 
(sputter  technique),  one  sample  was  coated  with  TiN  (thermal 
evaporation)  [3].  Four  stainless  steel  samples  have  been 
electroplated  with  20  |Lim  of  Cu.  Four  samples  (2  Cu,  2  Ti  on 
Cu)  have  been  stored  in  a  plastic  (PE)  bag  (filled  with  dry  N2) 
for  one  week.  Table  2  summarizes  the  measured  results.  The 
numbers  of  the  multipacting  current  and  of  the  processing  time 
are  mean  values  of  the  individual  measurements.  They  differ 
typically  from  measurement  to  measurement  by  12  %  (current) 
and  40  %  (time).  The  value  of  the  electric  field  at  the  onset  of 
multipacting  varies  only  by  7 


MATERIAL 

N 

I[mAl 

El  rkV/ml 

E2  fkV/ml 

n 

trsi 

Copper 

18 

2.92 

132.1 

188.4 

1 

2080 

Copper  (heated  at  400°C) 

2 

3.52 

145.8 

231.4 

1 

1223 

Cu,  stored  one  week  in  PE  bag 

2 

3.30 

82.5;  139.0 

108.9;  192.8 

2;1 

>6500 

Titanium  on  Copper 

5 

3.03 

139.9 

184.5 

1 

933,1 

TiN  on  Copper 

1 

3.00 

129.3 

170.7 

1 

552 

Titanium  on  Aluminum 

2 

2.88 

141.8 

183.4 

1 

885,5 

Cu  Ti,  stored  one  week  in  PE  bag 

2 

3.21 

51.1;  123.6 

68.1;  190.0 

3;1 

>6500 

Aluminium 

7 

4.30 

54.7 

69.4 

3 

>6500 

Stainless  Steel 

18 

3.37 

69.3;  128.8 

87.7;  147.6 

2  ;  1 

2781 

Copper  electrochemically  plated  on  S.S. 

7 

3.33 

132.7 

183.8 

1 

2571 

Table  2:  Results  of  the  multipacting  measurements  (N:  number  of  measurements;  I:  multipacting  current;  El,  E2:  electric  field 
gradient  at  onset,  stop  of  multipacting  current;  n:  order  of  multipacting;  t:  processing  time) 


1777 


V.  DISCUSSION 


%.  The  order  of  multipacting  is  deduced  from  equation  (1). 

Figure  2  shows  the  typical  processing  behavior  of  Al, 
Cu  and  stainless  steel  samples.  The  multipacting  current  is 
plotted  versus  time  under  the  condition  of  additional  5  watts 
RF  power  above  the  first  onset  of  multipacting. 


Figure  2:  Multipacting  current  vs.  time  for  3  different  metals 


All  samples  show  multipacting  of  at  least  first  order.  They 
differ  in  magnitude  of  multipacting  current  and  in  processing 
time.  Al  samples  show  the  worst  behavior,  as  expected.  They 
do  not  process  within  the  measurement  time  of  6500  sec..The 
multipacting  behavior  of  standard  copper  and  OFHC  copper 
does  not  differ  at  all.  Heat  treatment  of  40CPC,  6  hours,  reduces 
the  processing  time  to  60  %.  Coating  of  Cu  with  Ti  reduces 
the  processing  time  to  about  45%.  A  Ti  coating  of  Al  has  a 
substantial  improvement  because  of  the  strong  multipacting 
behavior  of  the  bare  Al.  After  coating  with  Ti,  samples  from 
Cu  and  Al  behave  the  same.  Electroplated  Cu  on  stainless  steel 
is  somewhat  worse  than  pure  copper  before  heat  treatment. 

One  interesting  result  is  the  dramatic  deterioration  of  Cu 
and  Ti  coated  Cu  samples  after  storage  in  a  plastic  (PE)  bag. 
Both  types  of  samples  do  not  process  within  6500  sec.  after 
storage  in  the  bag.  This  deterioration  was  also  reported  by 
another  experiment  [4].  The  mechanism  is  not  understood.  One 
speculation  is,  that  some  lubricant  in  the  PE  foil  penetrates  to 
the  metal  surface  of  the  sample.  Nevertheless,  the  common 
practice  to  store  or  transport  RF  components  in  plastic  bags 
should  be  avoided,  if  multipacting  is  of  concern. 
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OPTIMIZATION  OF  CLIC  TRANSFER  STRUCTURE  (CTS)  DESIGN 
TO  MEET  NEW  DRIVE  BEAM  PARAMETERS 


A.  Millich,  CERN-SL,  CH-1211  Geneva  23 


1.  INTRODUCTION 

In  the  original  CTS  design  [1]  the  2.8  mm-wide  slit, 
joining  the  cylindrical  beam  chamber  to  the  teeth-loaded 
rectangular  waveguides  provided  a  sufficient  coupling  for  the 
160  nC  drive-beam  bunches  to  deposit  40  MW  of  30  GHz 
power  in  the  waveguides.  The  drive-beam  generation  studies 
have  recently  evolved  towards  schemes  which  envisage  an 
increased  number  of  bunches  at  reduced  charge  per  bunch  [2]. 
In  order  to  cope  with  the  reduced  beam  intensity  while 
maintaining  the  correct  power  output  level,  the  CTS  design 
has  been  modified  to  increase  the  beam  coupling  parameter. 
Moreover,  the  new  CLIC  Test  Facility  (CTF2)  requires 
transfer  structures  with  even  higher  beam  coupling  because  of 
the  reduced  bunch  frequency  (3  GHz)  [3].  Additional 
modifications  to  the  original  design  were  required  by 
manufacturing,  which  imposed  the  presence  of  round  lips  at 
the  slit  edges  [4].  We  have  simulated  the  new  CTS  by  means 
of  MAFIA  in  order  to  explore  the  range  of  variation  of  the 
coupling  parameter  with  slit  aperture,  and  optimized  the 
design  to  meet  the  requirements  of  both  the  new  drive  beam 
and  the  CTF2.  We  report  here  the  results  of  the  simulation 
studies. 

IL  CTS  COUPLING  FACTORS  FOR  CLIC 
ANDCTF2 

In  the  reference  scheme  for  CLIC,  the  drive  beam  is 
formed  by  four  trains  of  22  bunchlets  each,  separated  in  time 
by  2.84  ns.  The  Gaussian  bunchlets  have  a  =  1  mm,  a  30  nC 
charge,  and  a  spacing  of  one  30  GHz  period.  After  the 
traversal  of  one  bunchlet  train,  the  CTS  received  the  energy 

U  =  (R  /  Q)q2F2  (a)(a  /  2  ( VAs)  (1) 

where  R/Q  is  the  mode  coupling  factor,  q  =  660  nC  is  the 
charge  in  one  train,  F(a)  =  0.82  is  a  function  of  the  bunch 
length,  and  (D  =  2  Tcf  is  the  angular  frequency  of  the  coupled 
mode.  The  energy  U  is  induced  in  one  burst  during  the 
traversal  of  the  bunchlet  train  and  discharges  uniformly  during 
2.84  ns  at  the  rate  imposed  by  the  mode  group  velocity  of 
0.3  c.  Just  before  the  CTS  discharges  completely,  the  next 
bunchlet  train  traverses  the  structure  and  again  fills  it  with 
energy.  The  CTS  thus  acts  as  a  pulse  stretcher  and  delivers  a 
uniform  power  pulse  11.4  ns  long  to  fill  two  CLIC 
Accelerating  Structures  (CASs),  one  from  each  waveguide. 
The  power  needed  to  fill  the  two  CASs  is  90  MW,  which 
requires  4U  =  1.02  VAs,  and  R/Q  =  9.4  Q/structure  or  RVQ  = 
23.0  Q/m,  as  the  CTS  is  41  cm  long. 

The  main  goal  of  the  CTF2  experiment  is  to  use  one  CTS 
to  provide  50  MW  power  pulses  to  one  CAS  by  combining  the 
two  waveguide  outputs.  In  this  case  the  drive  beam  will  be 
formed  by  a  continuous  train  of  bunchlets  separated  by  a  3 
GHz  period  or  333.3  ps.  The  charge  which  traverses  one  CTS 


during  2.84  ns  will  initially  be  limited  in  CTF2  to  200  nC,  so 
that  solving  Eq.  (1)  for  R/Q  and  substituting  U  =  dP  with  P  = 
50  MW  and  d  =  2.84  ns  we  get  for  the  CTS  coupling 
parameter  the  value 

R/Q  =  56.7  Q/structure  or  RVQ  =  138.0  Q/m. 


III.  THE  NEW  CTS  GEOMETRY 

Figure  1  shows  a  six-cell  section  of  the  CTS  as  simulated 
by  MAFIA  [5]. 


Figure  1 :  Six  cells  of  CTS  as  simulated  by  MAFIA  (upper  left 
comer  shown). 


We  notice  the  presence  of  the  rounded  lips,  which  mark  the 
separation  of  the  beam  chamber  from  the  teeth-loaded  wave¬ 
guides.  The  main  geometrical  parameters  of  the  CTS  are: 


Beam  chamber  radius 
Waveguide  width 
Slit  aperture* 

Lip  radius 
Waveguide  height 
Teeth  spacing 
Teeth  height 
Teeth  thickness 
CTS  length 


6.000  mm 
8.600  mm 
3.0  to  7.000  mm 
0.800  mm 
3.000  mm 
3.332  mm 
2.000  mm 
1.667  mm 
410.0  mm 


*may  vary  to  change  the  coupling 


The  maximum  aperture  between  the  lips'  edges  is  given  by 
the  waveguide  width  minus  twice  the  lip  radius,  or 
8.6  -  1.6  =  7.0  mm.  We  have  explored  the  variation  of  the 
main  RF  parameters  with  slit  aperture  increasing  from  3.0  to 
7.0  mm  while  keeping  all  other  parameters  constant.  Table  1 
summarizes  the  results  obtained. 
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Table  1 


SUt 

(mm) 

f 

(GHz) 

Q 

R'/Q 

(Q/m) 

E^/Et 

(%) 

(V/pC/m) 

3.0 

28.85 

2651 

2.40 

99.70 

0.95 

4.0 

29.95 

3143 

14.42 

98.60 

2.65 

5.0 

30.94 

3538 

89.61 

94.67 

7.25 

6.0 

30.88 

3832 

149.75 

92.44 

12.34 

7.0 

30.35 

4025 

178.20 

88.95 

19.10 

The  fifth  column  in  the  table  gives  the  ratio  of  the  energy 
of  the  mode  in  the  waveguides  over  the  total  mode  energy. 
This  is  an  important  parameter  as  it  determines  the  efficiency 
of  the  power  extraction  from  the  beam.  The  sixth  column 
shows  the  peak  value  of  the  longitudinal  wake  potential  for  a 
Gaussian  bunch  with  a  =  1  mm  traversing  1  m  of  structure, 
computed  using  the  time  domain  module  T3320  of  MAFIA. 

IV.  OPTIMIZATION  OF  THE  CTS  FOR  THE 
cue  REFERENCE  SCHEME 

From  the  results  shown  in  Table  1  it  appears  that  a  slit 


aperture  of  about  4.2 

mm  would  provide  the  required  CTS 

coupling  of  23  Q/m  for  the  reference  scheme,  albeit  at  the 
expense  of  relatively  high  losses,  as  shown  by  the  low  Q 
value.  We  have  preferred  to  keep  a  wider  slit  aperture  and  to 
search  for  the  required  coupling  parameter  value  by  increasing 

the  waveguide  height, 
results  are: 

The  search  has  been  successful  and  the 

Slit  aperture: 

5.8  mm 

Waveguide  height: 

4.0  mm 

Mode  frequency: 

29.993  GHz 

Q  factor: 

3942 

R’/Q: 

25.1  Q  An 

Ew/Et: 

97.6% 

W': 

4.6  V/pC/m 

vg/c: 

0.29 

The  frequency  is  not  exactly  at  the  nominal  value  but  is 
well  within  the  tolerance  imposed  by  our  mesh  resolution. 

V.  OPTIMIZATION  OF  THE  CTS  FOR  CTF2 

The  solution  to  the  CTF2  requirement  (R’/Q=138  Q/m) 
was  found  by  lowering  the  waveguide  height  (to  increase  the 
coupling  parameter)  and  by  increasing  the  teeth  height  (to 
lower  the  coupled  mode  frequency).  The  results  were: 

Slit  aperture: 

7.0  mm 

Waveguide  height: 

2.6  mm 

Teeth  height: 

2.11  mm 

Mode  frequency: 

30.016  GHz 

Q  factor: 

3786.0 

R’/Q: 

146.0  QAn 

Ew/Et: 

90.2% 

W': 

28.1  V/pC/m 

Vg/c: 

0.27 

The  shape  of  the  longitudinal  wake  excited  by  one  bunch 
traversal  of  a  12-cell  section  of  CTS  shows  that  the  bunch 
interacts  mainly  with  a  single  mode  (Fig.  2). 


LONGITUDIN2VL  WAKE 


Figure  2:  Longitudinal  wake. 

It  is  therefore  possible  to  compare  the  peak  value  of  the 
longitudinal  wake  with  the  coupling  factor  of  the  synchronous 
271/3  mode  by  means  of  the  relation 

=W;  . 

The  result  for  the  left-hand  side  is  22.60  V/pC/m,  which 
compares  fairly  well  with  the  value  of  28.1  V/pC/m  for  the 
peak  of  the  longitudinal  wake. 

VI.  CONCLUSION 

With  our  simulation  study  we  have  shown  that  it  is 
possible  to  increase  the  CTS  beam  coupling  over  a  wide  range 
without  destroying  the  chosen  mode  for  power  transfer.  We 
have  found  the  frequency  and  coupling  factor  characteristics 
as  a  function  of  the  slit  aperture  and  have  optimized  the 
geometry  to  meet  the  requirements  imposed  by  the  drive  beam 
properties  in  both  the  reference  CLIC  scheme  and  the  CTF2 
experiment.  We  have  shown  that  a  higher  beam  coupling 
brings  stronger  wakefields  and  a  less  favourable  mode  energy 
distribution  between  the  wave-guides  and  the  beam  chamber. 
This  last  drawback  may,  however,  be  overcome  by  means  of 
an  optimal  design  of  the  output  waveguide  couplers,  which 
recuperate  part  of  the  energy  in  the  beam  chamber. 
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A  High-Power  Multiple-Harmonic  Acceleration  System 
for  Proton-  and  Heavy-Ion  Synchrotrons 

P.Ausset<a),  G.Charruau(a),  FJ.Etzkom(b),  c.Fougeron(a),  H.Meuth(c),  S.Papureanu(b),  and  A.Schnase(b) 
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Abstract 

A  novel  acceleration  system  for  the  (simultaneous) 
application  of  higher  or  multiple-harmonics  in  proton  or 
heavy-ion  synchrotrons  has  been  developed  for  various  uses, 
e.g.  the  passage  of  the  transition  point,  applying  stochastic 
cooling  on  a  bunched  beam,  or  for  other  longitudinal  beam 
manipulations  as  bunch  stretching  or  compression.  The 
system  consists  of  a  coaxial  cavity  filled  with  the  ferritic 
amorphous  metal  VITROVAC®  of  VAC,  Hanau,  in  lieu  of 
the  conventional  ceramic  materials.  In  its  current 
configuration,  it  can  support  a  frequency  range  of  0.2-8MHz. 
Amplifier  modules  for  both  10  and  50kW  are  available  to 
produce  gap  voltages  in  the  kV-range,  By  means  of  digital 
synthesis  techniques,  virtually  arbitrary  voltage  waveforms 
with  harmonic  admixtures  up  to  fourth  order  can  routinely 
be  generated  at  the  cavity  gap.  As  illuminating  examples 
we  achieved  at  high  precision  a  flat-top  wave  form  suitable, 
e.g.  for  the  transition  crossing,  a  linearized  force  law  at  the 
center  of  the  bucket,  and  a  fourth-order  flattened  bucket  for 
bunched-beam  cooling.  The  compact  cavity  system  should 
be  well  suited  for  any  synchrotron  operating  in  this 
frequency  range.  Actual  installation  of  such  a  system  is 
projected  for  the  medium  energy  device  COSY  Julich,  and 
the  therapy-oriented  ring  TERA. 

1.  INTRODUCTION 

Traditionally,  acceleration  systems  in  proton  and  heavy 
ion  synchrotrons  employ  coaxial  re-entrant  cavity 
configurations  with  ceramic  ferrite  filling  with  figure- 
eight,[l],[2]  dipole  or  quadrupole  ferrite  polarisation. [3] 
Such  systems  are  frequency  tuneable,  while  narrow-band, 
and  may  be  phase-locked  to  the  beam,  producing  a  single 
harmonic  of  the  particle  revolution  frequency  in  the  ring.  In 
contrast,  the  admixture  of  more  than  one  rf  harmonic  with 
stationary  phase  relation  opens  up  considerable  flexibility 
and  attractive  advantages  in  manipulating  beam  dynamics, 
and  has,  therefore,  been  of  long-standing  interest  with  rf 
acceleration  in  synchrotrons. [4]  A  variety  of  technical 
schemes  have  been  employed  for  such  ”non-harmonic" 
approaches.  Due  to  the  narrow-band  cavity  characteristics, 
they  commonly  require  a  number  of  separate  rf-cavities 
producing  the  various  harmonics.  Such  cavities  have  to  be 
precisely  frequency  and  phase  aligned  in  order  to  obtain  a 
stationary  acceleration  voltage  pattern  in  the  time  domain, 
a  technical  complication  restricting  the  use  of  more  than 


two  harmonics  and  usually  ruling  out  the  wider  use  of  non- 
sinusoidal  acceleration  waveforms.  We  combined  a  specific 
ferro-magnetic  cavity  filling,  VlTROVAC®,[5]  with  novel 
digital  signal  processing  (DSP)  techniques  [6]  to  tackle, 
and,  by-and-large,  overcome  many  of  these  technical  issues 
for  frequencies  below  about  10  MHz. 

While  not  required  by  the  high-power  and  cavity  part, 
we  restricted  ourselves  at  present  to  generate  gap- voltage 
waveforms  using  the  fundamental,  the  second,  and  the 
fourth  harmonic.  This  approach  simplifies  the  signal 
generation  techniques,  resulting  in  exact  phase  fidelity 
between  these  three  harmonics  under  any  condition 
including  frequency  ramping.  Thus,  we  may  generate 
voltage  waveforms  at  the  gap  of  the  general  form 

V(t)  :yisin(C0ot+(t)i)+V2sin2(c0ot+(|)2)+V4sin4(C0ot+(|)4)  .  (1' 

Correcting  schemes  for  beam  loading  effects  have  not 
yet  been  considered  in  detail,  but  appear  to  be  feasible. 
Due  to  the  overall  broad-band  design,  their  remedy  should 
be  possible  by  DSP  procedures  alone,  without  the  need  of 
further  fast-reacting  high-power  amplifier  stages.  [2] 

2.  BEAM  DYNAMICS  FOR  SPECIFIC 
WAVEFORMS 

Beam  gymnastics  with  anharmonic  rf  potentials  permit 
adiabatic  beam  pulse  shaping, [4]  bunched  beam  stochastic 
cooling,[7]  or  tackling  the  passage  of  transition  in 
circulating  accelerators  by  longitudinal  dynamics  alone.  [8] 
An  idealised  linear  force  law  may  also  be  of  interest  for 
beam  studies.  Finally,  the  broad-band  characteristics  allow, 
as  well,  much  more  rapid  rf  changes  in  time,  as,  e.g.,  a 
phase  jump  for  conventional  gamma-transition 
techniques. [9] 

Our  system  is  not  restricted  to  the  common  choice  in 
Equ.  (1),  ^i=(|)2=<tJ4=<t)-  With  this  choice,  however,  we  get 
a  potential  function  in  longitudinal  phase  space  of  the  form 

V((j))  =  Visin(|)  +  V2  sin2(t)  +  V4  sin4(t)  .  (2) 

2.1.  linear  force  law 

By  imposing  a  linear  force  law,  e.g.  a  rigid  rotation  in 
phase  space  can  be  achieved,  leading  to  one  single 
synchrotron  frequency  (although  at  random  phase)  of  all 
beam  bunch  particles.  We  can  obtain  a  force  law  linear 
between  ±  90°,  with  an  asymptote  45/64(|)Vq  at  the  phase 
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space  center  when  choosing  in  Equ.  (2)  V2/V1  =  -  5/32,  and 
V4/V1  =  1/256  . 

2.2.  stochastic  cooling  force  law 

A  "lawn-chair"  shaped  accelerating  waveform  with  a 
flattened  (zero-slope)  portion  at  the  phase-space  center 
increases  the  spread  in  synchrotron  frequency.  This  can 
overcome  cooling  force  quenching  for  particles 
concentrating  at  the  center  of  the  bucket,  where  rigid  phase 
rotation  is  prevalent  and  mixing  ceases  to  be  effective.  [7] 
For  the  lawn-chair  voltage  law,  we  may  put  in  Equ.  (2) 
V2A^i  =  -  5/8,  and  V4/V1  =  1/16. 


2.5.  beam  pulse  shaping 

More  generally,  on  an  adiabatic  time  scale,  i.e.  during 
a  time  of  many  synchrotron  oscillation  periods,  the  particle 
beam  pulse  assumes  a  shape  imposed  by  the  bunching  or 
accelerating  potential.  Beam  bunch  shaping  with  two 
harmonics  has  been  employed  at  various  accelerators,  e.g. 
the  CERN  PS  Booster. 

2  A.  transition  energy  passage 

Tackling  the  transition  crossing  directly  in  longitudinal 
phase  space  was  proposed  by  J.  Griffin  at  Fermilab.[8]  For 
instance,  the  minimum  flat-voltage  portion  for  the  transition 
passage  of  COSY,  Jiilich,  must  span  over  a  phase  width  of 
at  least  A<t)  ~  ±  30^[8]  Choosing  V2/V1  =  -  5/16,  and 
V4/VJ  =  1/64  in  Equ.  (2)  results  in  a  deviation  (from 
absolute  flat)  of  less  than  0.2%. 

3.  ACCELERATING  SYSTEM 


Fig.  1:  cut-away  drawing  of  cavity,  showing  inner  and  outer 
conductor,  toroids,  cooling  ducts  and  polarisation  bars 

3.1.  accelerating  cavity 

The  cavity  is  of  the  coaxial,  re-entrant  symmetric 
(push-pull)  single-gap  type,  see  Fig.  1.  In  dimensions  and 
design,  it  is  roughly  similar  to  the  LNS-developed  systems 
used  at  SATURNE  and  COSY.[l]  It  is,  however,  loaded 
with  24  toroids  of  the  material  VITROVAC®  6025F  of  VAC, 


with  an  eight-turn  "figure-eight"  polarisation  winding. 
Depending  on  the  capacitive  gap  load,  the  system  has  a 
natural  (zero-bias  current)  resonant  frequency  of  about  500 
kHz,  and  may  be  tuned  with  a  bias  current  of  only  some  5 
Amperes  to  3  MHz. 

In  Fig.  2,  the  (low-level)  gap  impedance  of  the-filled 
cavity  is  plotted  vs.  frequency  for  various  bias  currents.  The 
actual  total  gap  impedance  is  twice  that  of  Fig.  2.  It  shows 
a  marked  broad-band  characteristic  at  fixed  bias  current 
without  major  loss  of  peak  impedance.  The  cavity 
characteristics  are  compared  in  Table  I  to  the  LNS  and 
COSY  system  with  conventional  ceramic  ferrite  loading. 


frequency  /  MHz 

Fig.  2:  gap  impedance  of  the  VlTROVAC®-filled  cavity 
(one-half  cavity)  vs.  frequency  for  various  bias  currents. 


LNS  and  COSY  cavity  VlTROVAC-cavity 


filling  material  ferrite  8C12 


VITROVAC  6025F 


manufacturer 
number  of  rings 
tuning  current 
frequency  range 
resonance  width 


Philips,  NL 
46 

-  20  to  70  A 
0.3  -  2  MHz 
<50  kHz 


total  gap  impedance 

180°-jump  within  10  to  50  rf  periods 


VAC,  Germany 
24 

0  to  10  A 
0.2  -  8  MHz 
~2MHz 

^  2  kQ  -  500  Q 
2  rf  periods 


Table  I:  comparison  of  characteristics  of  VlTROVAC®-filled 
cavity  with  standard,  ferrite-loaded  cavity. 


3.2.  two  alternative  power  amplifier  modules 

Two  separate  drawer-type  amplifier  modules,  both  in 
push-pull  configuration,  have  been  developed  to  fit  directly 
underneath  the  cavity  for  closest  possible  coupling.  The  two 
cavity  halves  are  fed  completely  independently.  For  both 
modules,  the  same  driver/preamplifier  configuration,  again 
separately  for  both  cavity  halves,  may  be  used.  A  7C-type 
50Q  driver  coupling  network  into  the  main  amplifier 
modules  ensures  broad-band  behaviour  at  constant  group 
delay.  The  lower-power  system  with  a  total  of  lOkW  rf 
power  employs  two  tetrodes  TH541  of  Thomson  Tubes 
Electroniques.  Peak  amplitudes  in  excess  of  2kV  may 
routinely  be  generated  at  the  accelerating  gap.  The  system 
has  been  described  in  detail  in  [5].  For  higher  gap  voltage, 
a  second,  high-power  alternative  has  recently  been 
developed,  which  uses  two  TH120  tubes  featuring  a  total  of 
50kW  rf  power,  similar  to  the  LNS  and  COSY  power 
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amplifier  systems. [1]  Operating  tests  of  this  system  are 
presently  underway. 

3J,  digital  low-level  signal  synthesis  and  control 

The  low-level  signal  synthesis  generates  the  composite 
waveform  by  suitably  superposing  fundamental  and  higher 
harmonic  components,  see  Fig.  3.  At  its  heart,  a  set  of 
custom  numerical  controlled  oscillators  (NCO)  are  used, 
however  with  the  provision  of  a  variable-frequency  common 
clock,  rather  than  a  large  phase  accumulator  used  in 
commercial  NCOs.  This  leads  to  rigid  frequency  relations  at 
any  time  in  order  to  generate  the  harmonics.  An  arbitrary 
red-time  digital  phase  correction  via  multipliers  produces  a 
phase  fidelity  to  within  0.02°,  while,  similarly,  an  arbitrary 
real-time  digital  amplitude  correction  of  16  bit  resolution  is 
possible.  Finally,  fixed  separate  analog  attenuation  of  the 
various  harmonic  components  set  the  range  of  the  desired 
admixtures.  Our  approach  permits  preserving  the  waveform 
shape  in  the  time  domain  also  under  frequency  ramping. 
Further,  it  also  opens  up  the  possibility  of  a  real-time 
digital  signal  control,  similar  to  the  method  as  was 
demonstrated  for  the  single-frequency  component  system  at 
COSY.[10] 


Fig.  5:  rapid  phase  jump  actually  realised  at  the  gap 


Suitable  transition  waveforms  (See  2.4)  are  shown  in 
Fig.  4.  To  exemplify  the  digital  signal  synthesis 
performance.  Fig.  4  shows  also  the  low-level  signal  as 
originally  synthesized,  and  the  signal  after  passing  through 
the  driver  and  amplifier  chain.  The  phase  delays  are 
adjusted  such,  that  they  compensate  the  delays  incurred  by 
the  entire  analog  chain,  including  the  cavity  itself,  to  result 
in  the  desired  waveform  at  the  gap. 

Figure  5  shows  a  rapid  phase  jump  of  180°  in  time, 
completed  in  a  few  rf  cycles.  This  is  to  be  compared  with 
the  at  least  ten  cycles  needed  for  sign  reversal  with  a 
conventional  cavity  (Table  I).  [9] 
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Fig.  3:  signal  synthesis  scheme  of  harmonic  composite 


4.  TEST  PERFORMANCE  AND  RESULTS 

The  present  test  results  were  obtained  with  this  cavity 
system  without  beam,  operating  at  max.  lOkW  rf  power. 
The  gap  voltage  was  monitored  directly  with  a  voltage 
divider. 


time  [|is] 


Fig.  4:  digitally  synthesized  waveform,  and  actual 
waveform  at  tube  grid  and  cavity  gap 


5.  CONCLUSIONS  AND  OUTLOOK 

The  combination  of  a  broad-band  high-power 
acceleration  structure  and  a  digital  synthesizer  capable  of 
producing  precisely  composed  real-time  voltage  waveforms 
with  higher  harmonic  content  promises  interesting 
acceleration  experiments  and  performance  enhancement  in 
proton  and  heavy-ion  synchrotrons. 

Installation  of  the  rf  structure  presented  here,  or  of  a 
similar  system,  is  intended  for  both  the  medium-energy 
synchrotron  COSY-Julich,  and  for  TERA  in  Italy,  the 
proposed  ring  for  cancer  therapy,[ll]  for  which  a 
collaboration  has  been  set  up  between  LNS  and  the  TERA 
project  with  validation  tests  about  to  make  place  at  Saclay. 

Some  issues  remain  yet  to  be  solved.  To  increase 
maximum  gap  voltage,  as  needed  for  COSY,  a  higher- 
power  amplifier  module  is  put  into  operation,  with  which 
first  results  were  obtained  with  sinusoidal  waveforms.  This 
is  to  be  followed  by  tests  with  added  higher  harmonics. 

The  signal  processing  system  is  presently  being 
upgraded  to  actually  allow  for  real-time  control,  or  feed¬ 
back,  of  phase  and  amplitude,  probably  also  for  the  higher 
harmonics. 
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Abstract 

A  202  MHz  aluminum  rf  cavity  has  been  constructed  for 
the  Aladdin  synchrotron  light  source*  at  the  University  of 
Wisconsin  -  Madison.  The  cavity  operates  on  the  fourth 
harmonic  of  the  ring  rf  frequency  and  will  be  used  to  lengthen 
the  electron  bunches  in  order  to  increase  beam  lifetime.  The 
cavity  body  is  machined  from  a  thick  aluminum  plate  with  a 
single  penetration  for  the  coupling  loop  which  operates  in 
vacuum.  A  cover  plate  at  the  gap  end  contains  an  annular 
tuner  that  is  moved  concentric  with  the  beam  axis.  The  entire 
inner  surface  of  the  cavity  is  copper  plated  to  increase  shunt 
impedance.  The  cavity  will  be  initially  operated  in  the  beam 
driven  mode  with  the  tuner  adjusted  by  computer  to  provide 
optimum  bunch  lengthening  as  the  beam  decays.  In  the  future, 
active  rf  drive  may  be  employed  to  allow  a  constant  bunch 
length  to  be  maintained  at  all  times.  A  beam  derived  rf 
reference  is  proposed  along  with  use  of  rf  feedback  to  avoid 
instabilities.  Results  of  the  first  storage  ring  operation  using 
the  new  cavity  are  presented. 

L  INTRODUCTION 

The  Aladdin  synchrotron  light  source  is  a  0.8  -  1  GeV 
electron  storage  ring  with  four  4  meter  straight  sections  for 
insertion  devices.  It  is  desired  to  increase  beam  lifetime  when 
operating  at  0.8  GeV  to  improve  the  integrated  flux  delivered 
to  the  experiments.  This  can  be  accomplished  by  diluting  the 
longitudinal  phase  space  in  order  to  reduce  intrabeam 
scattering.  A  higher  harmonic  RF  cavity  can  be  used  to  flatten 
the  potential  in  the  main  RF  bucket  causing  an  increase  in  the 
bunch  length.  This  occurs  without  an  increase  in  the  transverse 
emittances.  For  the  present  the  cavity  will  be  operated  in  the 
beam  driven  mode,  with  the  cavity  detuned  to  make  its  voltage 
appear  approximately  90  degrees  out  of  phase  with  the  bunch 
passage. 

A.  Choice  of  Frequency 

Several  considerations  are  important  when  choosing  the 
desired  harmonic  for  the  cavity.  First,  the  cavity  must  fit  into 
the  available  space  in  the  ring.  Also  its  shunt  impedance  must 
be  high  enough  to  allow  the  beam  to  develop  the  necessary  rf 
voltage.  The  lower  limit  on  the  shunt  impedance  is  determined 
by  the  minimum  beam  current  at  which  the  cavity  is  expected 
to  operate  with  optimum  results.  If  the  cavity  impedance  is  not 
high  enough  the  cavity  will  have  to  be  tuned  closer  to 
resonance  in  order  to  develop  the  proper  voltage.  As  the  cavity 
is  brought  closer  to  resonance  the  beam  will  become  unstable, 
thus  limiting  the  available  range  of  tuning  angle. 

The  choice  of  harmonic  also  affects  the  voltage  required 
to  achieve  a  flat  potential  well.  The  relationship  between  the 
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two  cavity  voltages  required  to  flatten  the  potential  well  for  a 
particular  harmonic  number  n  is 

where  Vfj  and  are  the  harmonic  cavity  voltage  and 
frequency,  and  Vp  and//r  are  the  fundamental  cavity  voltage 

n  Vf  fH 

and  frequency.  The  required  voltage  is  lower  for  a  higher 
harmonic,  but  the  width  of  the  flat  portion  of  the  potential  is 
narrower.  A  low  harmonic  is  therefore  desirable  for  optimal 
bunch  lengthening. 

Calculations  indicated  that  the  cavity  should  perform 
properly  if  the  tuning  angle  is  greater  than  85  degrees  [1,2]. 
The  minimum  beam  current  the  cavity  is  expected  to  operate 
at  is  100  mA.  The  fundamental  rf  system  of  Aladdin  operates 
at  50.582  MHz  with  a  nominal  cavity  voltage  of  80  kV.  The 
minimum  shunt  impedance  is  given  by 
_  WtanCv^min) 

/v  min  —  . .  ^  — ^ 

2nIo 

Operating  the  cavity  at  the  third  harmonic  would  have 
been  our  preferred  choice  but  the  cavity  would  then  not  fit  in 
the  space  available  in  the  ring  if  designed  to  have  the  required 
shunt  impedance.  This  led  us  to  choose  the  fourth  harmonic 
(202.4  MHz)  as  an  acceptable  compromise  between  high  shunt 
impedance,  low  field  and  good  bunch  lengthening.  The 
minimum  shunt  impedance  for  n=4  and  7^=100  mA  is  1.2  Ma 

The  low  energy  (108  MeV)  injection  mode  of  Aladdin 
imposes  additional  requirements  on  the  tuning  range  of  the 
cavity.  The  main  rf  cavity  voltage  at  injection  is  quite  low  (~9 
kV).  This  means  that  the  fourth  harmonic  cavity  must  be 
detuned  enough  to  keep  its  voltage  lower  than  2  kV.  The  tuner 
was  designed  for  a  tuning  range  of  2.5  MHz  to  satisfy  this 
requirement. 

II.  CAVITY  DESIGN 

A.  General 

The  cavity  (Fig.  1)  is  a  single  ended  design  with  an 
annular  tuner  in  the  cover  plate  that  is  concentric  with  the 
beam  axis.  It  is  constructed  entirely  from  6061  aluminum 
alloy.  The  body  of  the  cavity  was  machined  from  a  single 
piece  of  25  cm  thick  plate.  The  cover  was  machined  from  5 
cm  plate.  The  vacuum  seal  for  the  end  cover  is  a  0.75  mm 
aluminum  wire.  The  cover  also  contains  the  penetrations  for 
pump  ports  and  sampling  loops.  The  pump  ports  are  covered 
by  grids  machined  into  the  inner  surface  of  the  cover  plate. 
Pumping  is  provided  by  two  miniature  60  1/s  ion  pumps.  A 
single  penetration  is  located  in  the  rear  wall  of  the  cavity  body 
to  accommodate  a  coupling  loop  for  use  when  the  cavity  is 
actively  driven. 
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Fig.  1.  202  MHz  Cavity  Outline 


Since  the  conductivity  of  6061  alloy  is  only  40-45%  that 
of  copper,  it  was  necessary  to  plate  the  entire  inner  surface  of 
the  cavity  with  copper  to  obtain  sufficient  shunt  impedance. 
The  plating  was  done  by  Industrial  Plating  Co.  of  Seattle,  WA. 
The  plating  process  used  has  been  previously  employed  on 
accelerating  cavities  with  excellent  results  [3,4]. 


Resonant  Frequency 

202  -  204.5  MHz 

0..  (calculated) 

22000 

On  (measured) 

20250 

R/O 

61.1 

Shunt  Impedance 

1.24 MO  as  constructed 

Table  1.  Harmonic  Cavity  Parameters 


5.  Tuner 

The  tuner  (Fig.  2)  is  a  cylindrical  copper  slug  centered 
on  the  beam  axis  through  which  the  beam  passes.  The  end  of 
the  tube  is  threaded  onto  the  moving  part  of  an  actuating 
section  of  304SS  pipe  that  is  part  of  the  ring  vacuum  chamber. 
The  pipe  is  allowed  to  move  through  the  use  of  differential 
bellows.  The  return  for  tuner  currents  is  via  a  ring  of  18  flat  U- 
shaped  straps  fabricated  from  silver  plated  100  [im  thick 
beryllium  copper.  The  mechanical  range  of  the  tuner  is  about  2 
cm  with  a  sensitivity  of  about  1  MHz/cm. 

The  original  design  of  the  tuner  used  a  spring  ring  as  a 
sliding  contact  for  the  tuner  return  current.  This  approach  was 
abandoned  after  it  was  found  that  the  lifetime  of  the  contact 
surfaces  was  very  short,  resulting  in  increased  friction.  The 
new  design  requires  no  maintenance  and  is  much  easier  to 
align  in  the  bore  of  the  cover  plate. 


Contact  straps 


The  cavity  is  tuned  by  moving  the  tuning  slug  in  and  out 
via  a  stepper  motor  driven  table  containing  a  fine  pitch  lead 
screw.  The  motor  is  controlled  via  an  analog  feedback  loop.  A 
conductive  plastic  linear  potentiometer  is  used  for  the 
feedback  element.  The  stepping  motor  drive  contains  a  voltage 
controlled  oscillator  that  allows  the  motor  to  be  driven 
accurately  at  low  speeds.  The  resolution  of  the  feedback  loop 
is  limited  only  by  the  noise  on  the  feedback  voltage. 

C.  Anti-Multipactor  Coating 

The  delicate  nature  of  the  stored  beam  at  the  injection 
energy  caused  some  concern  about  multipacting  at  low  cavity 
voltage.  Since  the  cavity  is  passive  we  are  unable  to  control 
the  drive  to  the  harmonic  cavity  to  permit  jumping  through  the 
first  order  multipactor  level.  In  order  to  reduce  any  problems 
to  manageable  levels  we  coated  the  accelerating  gap  area  with 
a  layer  of  titanium.  This  was  applied  via  sublimation  from  a 
pair  of  wires  held  in  a  fixture  that  was  rotated  about  the  beam 
axis.  The  pressure  during  sublimation  was  between  to  10'^ 
ton*.  The  cavity  was  backfilled  with  nitrogen  after  sublimation 
to  promote  the  formation  of  titanium  nitride  on  the  surface. 
Admittedly  this  is  not  an  efficient  process  as  the  chamber 
contaminants  will  certainly  form  other  titanium  compounds 
before  backfilling,  but  the  coating  formed  performs  its 
intended  function  quite  well.  The  coated  cavity  was 
conditioned  for  about  12  hours.  After  conditioning,  passing 
through  the  first  order  multipactor  level  during  a  slow  power 
sweep  caused  only  a  small  pressure  rise  without  hysteresis 
effects. 

III.  OPERATION 

A.  Procedure 

The  cavity  is  set  to  a  detuned  condition  at  injection. 
After  the  beam  has  been  stacked  and  ramped  to  the  operating 
energy,  the  cavity  is  tuned  to  an  approximate  starting  position 
and  then  stepped  slowly  toward  resonance  via  computer 
control.  The  computer  monitors  the  cavity  voltage  and  adjusts 
the  tuner  in  small  steps  as  required  to  bring  the  voltage  up  to 
the  operating  value.  The  tuning  process  is  stopped  when  the 
beam  has  decayed  to  the  point  where  additional  tuning  would 
cause  beam  instability. 

B.  Operational  Results 

The  cavity  was  installed  in  the  storage  ring  for  a  brief 
period  before  being  removed  for  the  tuner  modification 
mentioned  above.  The  storage  ring  vacuum  did  not  have  much 
opportunity  to  recover  during  the  test  period.  Beam  lifetime 
with  the  cavity  detuned  had  recovered  to  about  75%  of  its 
nominal  value  at  the  time  of  the  test. 

Injection  proceeded  well  with  the  cavity  detuned  about 
one  half  of  a  revolution  frequency  (-1.6  MHz).  Numerous 
higher  order  modes,  resulting  in  both  bunch  lengthening  and 
transverse  emittance  growth  were  observed  as  the  cavity  was 
tuned  toward  resonance,  especially  while  operating  at  high 
energy.  HOM  induced  disturbances  were  smaller  at  injection 
because  the  naturally  long  bunch  (-2  ns)  at  injection  does  not 
excite  the  higher  fi*equency  modes  effectively. 
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As  the  cavity  was  brought  close  to  resonance  the  bunch 
began  to  lengthen  smoothly.  At  the  optimum  tuning  angle  the 
bunch  assumed  a  pseudo-trapezoidal  shape  (Fig.  3).  Further 
tuning  produced  a  bunch  with  a  double  peak,  as  expected. 
Shortly  after  this  point  the  Robinson  instability  would  set  in, 
with  further  tuning  resulting  in  beam  loss. 

The  effectiveness  of  the  cavity  was  impressive, 
considering  the  poor  state  of  the  storage  ring  vacuum.  When 
the  cavity  was  optimally  tuned  the  0.8  GeV  lifetime  was 
increased  by  70%  at  150  mA  of  beam  current.  The  cavity  was 
able  to  optimally  lengthen  the  bunch  down  to  currents  of 
approximately  120  mA  without  instability.  The  lifetime  at  100 
mA  was  90%  of  the  value  obtained  at  120  mA  when  tuning 
was  ceased  at  that  current.  These  numbers  agree  well  with  the 
computed  predictions. 


Fig.  3.  Longitudinal  bunch  profiles  (1  ns/div)  with  harmonic 
cavity  detuned  (left),  and  tune  for  optimal  bunch  lengthening 
(right).  Droop  is  due  to  a  capacitive  pickup. 


IV.  ACTIVE  OPERATION 

It  is  envisioned  that  active  operation  of  the  cavity  may  be 
desirable  at  some  time  in  the  future.  Problems  caused  by  the 
equilibrium  phase  instability  in  actively  driven  bunch 
lengthening  cavities  are  well  documented  [5,6].  When 
operating  at  lower  currents  the  Robinson  instability  must  also 
be  avoided.  To  address  these  difficulties  the  proposed  system 
will  use  two  techniques  to  enhance  stable  operation. 

The  rf  drive  signal  for  the  cavity  will  be  obtained  from  a 
beam  pickup.  The  pickup  signal  will  be  limited  to  eliminate 
amplitude  variations.  The  limited  signal  contains  beam  phase 
information  and  therefore  will  act  to  make  the  harmonic  cavity 
phase  follow  the  beam  phase,  reducing  the  coupling  between 
the  beam  and  harmonic  cavity.  This  can  also  be  accomplished 
by  phase  locking  the  RF  drive  from  a  generator  to  a  beam 
derived  signal,  although  with  more  difficulty. 

The  phase  tracking  can  be  improved  by  the  use  of 
proportional  rf  feedback  around  the  amplifier/cavity  system. 
This  will  have  the  effect  of  lowering  the  apparent  cavity  Q  and 
shunt  impedance  by  a  factor  of  (1+Gain).  This  technique 
reduces  beam  coupling  at  frequencies  up  to  the  bandwidth  of 
the  feedback  loop. 

Steady  state  control  of  the  harmonic  cavity  field  will  be 
provided  by  a  conventional  amplitude  and  phase  control  loops 


operating  off  a  cavity  pickup  signal.  These  loops  do  not  have 
to  be  very  fast  because  the  rf  feedback  stabilizes  the  cavity 
fields  at  high  frequencies. 

Since  a  pure  bunch  lengthening  cavity  does  not  provide 
any  net  energy  to  the  beam,  the  beam  loading  in  the  active 
case  should  be  entirely  reactive.  It  is  easy  to  show  this  implies 
that  the  generator  current  vector  will  be  perpendicular  to  the 
beam  current  vector  and  that  the  cavity  appears  as  a  constant 
resistive  load  when  it  is  tuned  correctly.  The  situation  is 
similar  to  the  that  of  an  accelerating  cavity  in  the  reactively 
compensated  condition  at  zero  energy  gain.  The  only 
differences  are  a  180  degree  phase  shift  of  the  cavity  voltage 
and  a  sign  change  in  the  tuning  angle.  Operating  the  cavity  in 
this  way  also  eliminates  the  equilibrium  phase  instability  at 
high  current  because  it  approximates  the  passive  case  which  is 
unconditionally  stable  in  the  high  current  limit. 

To  accomplish  this  a  standard  tuner  control  loop  will  be 
used  with  feedback  being  taken  from  a  directional  coupler  in 
the  cavity  drive  line.  The  forward  signal  from  the  coupler  is 
phase  compared  with  the  signal  from  a  cavity  pickup  and  used 
to  control  the  tuner  drive.  The  tuner  loop  automatically 
compensates  for  the  changing  reactive  load  as  beam  current 
varies. 


V.  SUMMARY 

A  copper  plated  aluminum  fourth  harmonic  cavity  has 
been  installed  in  the  Aladdin  light  source.  The  cavity 
approximately  doubles  the  bunch  length  and  provides  a  greater 
than  70%  increase  in  the  0.8  GeV  beam  lifetime.  Passive 
operation  of  the  cavity  has  begun  and  is  effective  for  currents 
greater  than  100  mA.  Active  operation  of  the  cavity  has  been 
planned  for  in  the  future  if  necessary.  The  cavity  has  fulfilled 
all  of  our  expectations  in  tests  and  should  be  a  very  useful 
addition  to  the  Aladdin  facility. 
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We  describe  the  design  of  a  prototype  HOM  damped 
cavity  which  is  being  developed  for  the  ATF  damping  ring. 
This  cavity  has  been  designed  to  demonstrate  the  feasibility 
of  high-power  operation,  as  well  as  to  establish 
construction  techniques.  The  mechanical  design,  fabrication 
method  and  design  considerations  are  presented. 


1.  INTRODUCTION 


A  HOM  damped  cavity  for  the  ATF  damping  ring  (DR) 
[1]  is  under  development  at  KEK.  This  cavity  is  capable  of 
avoiding  coupled-bunch  instabilities  driven  by  higher  order 
modes  (HOMs).  In  order  to  damp  the  Q’s  of  HOMs  the 
cavity  is  equipped  with  four  waveguide  ports,  the  cutoff 
frequency  of  which  is  higher  (fc  ~  887.3  MHz)  than  the 
accelerating  frequency.  Additional  HOM  damping  is 
provided  by  HOM  absorbers  in  the  beam  pipes  next  to  the 
cavity  [2].  The  basic  design  and  results  of  low -power 
measurements  are  described  in  refs.  [3]  and  [4],  respectively. 
The  overall  design  of  the  RF-system  is  presented  in  an 
accompanying  paper  [5]. 

In  order  to  demonstrate  the  feasibility  of  high-power 
operation,  the  construction  of  a  high-power  test  cavity  is 
under  way.  The  design  parameters  of  the  test  cavity  are 
shown  in  Table  1.  Although  a  total  wall  loss  of  17.4  kW 
is  conservative,  special  care  has  been  taken  concerning  the 
cooling  design,  because  concentrations  of  wall  losses  exist 
around  the  openings  of  the  waveguide  ports.  The 
possibility  of  multipacting,  the  surface  field  strength  and 
other  RF  properties  were  considered  during  the  design  stage. 


Table  1.  Design  parameters  of  the  HOM  damped  cavity. 


RF  firequency  714  MHz  | 
Unloaded-Q  22,100 
Coupling  factor  2.4 


Shunt  impedance  3.6  MQ 
Gap  voltage/cavity  0.25  MV 
Wall  loss/cavity  17.4  kW 


IL  DESIGN  AND  FABRICATION  METHOD 

The  design  concept  of  the  cavity  is  to  realize  a  damped 
structure  having  effective  cooling  passages  by  using  as 
simple  a  structure  as  possible.  We  have  chosen  well- 
established  techniques,  both  machining  and  brazing,  for  the 
cavity  construction.  Other  joining  techniques,  such  as 
using  electron-beam  welding  (EBW),  tungsten  inert-gas 
(TIG)  welding  and  using  a  hot  isostatic  press  (HIP)  are 


applied  as  auxiliary  methods.  The  raw  materials  used  are 
OFHC  copper  for  the  principal  parts  and  stainless-steel  304 
for  the  flanges.  The  outer  shape  of  the  cavity  is  a  simple 
polyhedron,  which  provides  precise  reference  planes  for 
further  machining,  such  as  milling  of  the  waveguide 
openings. 

Figure  1  shows  a  drawing  of  the  designed  cavity.  The 
main  body  comprises  a  center  part  and  a  pair  of  side  parts. 
Cooling  of  the  main  body  is  provided  by  several  water 
channels  (see  Fig.  1):  (A)  a  pair  of  circumferential  channels 
at  the  outside,  (B)  three  channels  in  the  side  body,  which 
comprise  an  outer  square  channel  and  inner  round  channels, 
and  (C)  four  straight  channels  in  the  center  of  the  body.  The 
typical  heat  load  on  the  cavity  wall  has  a  5-7  W/cm^  range, 
which  can  be  effectively  removed  by  these  cooling 
channels.  On  the  other  hand,  there  are  concentrations  of  the 
heat  load  at  small  areas  beside  the  waveguide  openings  (at 
narrower  sides),  which  amount  to  -18  W/cm^.  These  hot 
spots  are  mainly  cooled  by  heat  transfer  to  the  water 
channel  (A)  and  the  outer  channel  of  (B),  which  are  located 
-20  and  -40  mm  away  from  the  hot  spots,  respectively. 
All  of  the  ports,  except  for  the  pick-up  ports  and  beam 
ports,  have  separate  cooling  channels. 

The  three  parts  of  the  main  body  are  machined  from 
forged  OFHC  blocks;  the  outside  surfaces  are  precisely 
planed  by  a  milling  machine,  and  the  inside  roughly  turned 
on  a  lathe.  Openings  for  the  waveguides  and  other  ports,  as 
well  as  the  cooling  channels,  are  then  milled.  The  cooling 
channels  are  covered  with  lids  by  EBW,  or  later,  by  brazing 
at  the  same  time  as  joining  of  the  ports. 

Subassemblies  of  the  waveguide  ports  are  machined 
from  OFHC  plates,  the  insides  of  which  are  bored  by 
electro-erosion  wire  machining.  Then,  the  cooling  channels 
are  milled,  and  covered  with  lids  by  EBW.  Waveguide 
flanges  are  roughly  machined  from  stainless-steel  plates, 
and  annealed.  After  being  finish  machined,  their  insides  are 
plated  with  copper.  The  waveguide  flange  was  designed  by 
referring  to  that  of  the  SLAC  S-band  waveguides,  which 
allow  vacuum  sealing  and  electrical  contact  simultaneously. 
Between  the  waveguide  ports  and  dummy  loads,  35-cm  long 
waveguides  are  inserted  in  order  to  evanesce  the  accelerating 
field.  At  an  initial  high-power  test,  the  ends  of  the 
extension  waveguides  are  blanked  off  without  attaching  any 
loads. 
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CAVITY  MAIN  BODY 


Fig.  2.  Schematic  drawing  showing  the  cavity  assembly. 

Tuner  and  coupler  ports  as  well  as  beam  ports  and  spare 
ports  are  pre-assembled  according  to  the  following 
procedure:  1)  a  copper  cylinder  (inside)  and  a  stainless-steel 
tube  (outside)  are  joined  by  a  HDP  technique,  2)  machined, 
and  cooling  paths  milled,  and  3)  the  lids  and  inlet/outlet 
pipes  of  the  cooling  water  channel  welded. 

The  cavity  assembly  is  schematically  shown  in  Fig.  2. 
The  cavity  parts  are  joined  by  brazing  in  two  stages.  First, 


all  of  the  ports  and  lids  of  the  water  channels  (at  the  side 
bodies)  are  brazed.  Then,  the  cavity  inner  wall  is  finish 
machined  using  a  high-precision  lathe  with  a  diamond 
cutting  tool.  At  the  same  time,  the  edges  of  the  port 
openings  inside  the  cavity  are  rounded  (R~l  mm)  by  hand. 
During  a  second  brazing,  the  three  bodies  are  joined 
together.  The  waveguide  flanges  are  joined  to  the  waveguide 
ports  at  the  same  time.  After  brazing,  UHV  flanges  are  TIG 
welded  to  the  other  ports. 

The  surface  finish  of  the  cavity  inner  wall  is  better  than 
3S  (Rmax)»  while  that  of  inside  the  waveguide  ports  is 
slightly  worse  (~6S)  due  to  the  relatively  long  dimension 
for  wire  machining. 

III.  INPUT  COUPLER  AND  TUNER 

Because  the  transmission  power  through  an  input 
coupler  is  relatively  conservative  (41  kW  max.),  we  chose  a 
loop-coupler  design  with  a  cylindrical  ceramic  window.  The 
coupler  was  designed  by  scaling  from  that  for  the 
TRISTAN  APS  cavities  [6].  The  coupling  factor  of  the 
coupler  can  be  changed  from  0  to  4.1  by  rotating  the  loop; 
a  nominal  coupling  factor  of  2.4  is  obtained  by  40"  rotation 
from  the  maximum  coupling. 

The  design  of  the  tuner  is  basically  scaled  from  that  of 
the  PF  storage  ring  at  KEK.  The  tuner  has  a  50  mm- 
diameter  copper  piston  driven  by  a  stepping  motor  with  a 
stroke  of  from  -10  mm  to  +30  mm  of  penetration  from  the 
cavity  inner  wall.  This  provides  a  tuning  rage  of  -200  to 
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+1700  kHz.  The  mechanical  resolution  of  the  movement  is 
l|Lim/step  which  corresponds  to  36  Hz/step.  The  bellows 
inside  the  tuner  are  shielded  from  RF  currents  by  graphite 
contactors  supported  by  finger  springs. 

Two  spare  ports  are  blanked  off  by  water-cooled  copper 
blocks.  These  dummy  blocks  are  also  used  as  fixed  tuners, 
which  can  compensate  for  anticipated  frequency  shifts  due 
to  fabrication  errors.  The  dummy  block  has  a  viewing  port 
which  allows  the  tuner  and  coupler  to  be  observed  from 
inside  of  the  cavity. 

IV.  DESIGN  CONSIDERATIONS 

A  thermal  analysis  of  the  designed  cavity  was  made 
using  the  ANSYS  code:  a  2D  analysis  of  the  overall 
temperature  distribution,  and  a  3D  analysis  using  a 
simplified  model  for  the  neighborhood  of  the  waveguide 
openings.  A  heat-transfer  coefficient  of  1.2  W/cm^/K  was 
assumed  at  the  boundary  of  the  cooling  channels,  which 
corresponds  to  an  average  water  velocity  of  2.7  m/sec. 
These  analyses  predicted  the  following  temperature  rises:  1) 
22‘*C  and  16T  at  the  narrower  and  wider  sides  of  the 
waveguide  openings,  respectively;  2)  ITC  at  the  tips  of  the 
nose  cones,  and  3)  7-9‘’C  for  other  locations  of  the  inner 
wall.  Although  no  full  thermal-stress  analysis  has  been 
performed,  these  temperature  rises  are  considered  to  be 
acceptable. 

The  surface  field  strengths  and  wall  losses  around  the 
waveguide  ports  were  extensively  analyzed  using  the 
MAFIA  code.  It  was  shown  that  the  field  distribution  inside 
the  waveguides  ports  is  well  approximated  by  an  evanescent 
field  of  the  TEio  mode.  The  maximum  wall  loss  around  the 
waveguide  perimeter  (which  occurs  at  the  narrower  sides)  is 
given  by  Py^all  [W/cm^]  ~  7.1‘exp(-2az[m]),  where 
a=10.96  m'l  is  the  attenuation  coefficient  and  z  is  the 
distance  from  the  opening.  The  electric  field  at  the  center  of 
the  waveguide  is  given  by  £  -  1.4  exp(-a5:)  [MV/m,  peak] 
for  the  inner  locations  and  hy  E  -  1.1  [MV/m]  for  the 
neighborhood  of  the  entrance.  The  electric  field  at  the  round 
edge  (R-1  mm)  of  the  waveguide  openings  would  be 
enhanced  by  a  factor  of  two,  which  was  shown  by  an 
electrostatic  analysis.  Although  these  field  strengths  are 
much  lower  than  the  Kilpatrick  limit  of  25  MV/m,  a  good 
surface  finish  is  desirable  for  these  locations.  The  field 
strength  at  the  tip  of  the  nose  cone  is  ~5.8  MV/m,  which 
is  common  for  nose  cones. 

The  field  leakage  to  the  tuner  or  to  other  ports  is  also 
considered.  Basically,  the  leakage  fields  to  these  coaxial 
parts  can  be  approximated  by  an  evanescent  field  of  the 
TEii  mode  in  a  coaxial  line.  Low-conductive  materials, 
such  as  stainless  steel,  should  be  located  away  from  the 
evanescent  field.  Furthermore,  if  the  symmetry  of  the 


cavity  structure  seen  by  the  ports  is  broken,  the  accelerating 
field  can  be  coupled  to  TEM-resonances  (typically  XIA  or 
3A/4  resonances)  in  the  coaxial  structure  of  the  ports.  Even 
in  such  a  case,  excitation  of  the  resonances  in  the  port  can 
be  avoided  by  detuning  the  resonant  frequencies  from  that  of 
the  accelerating  mode.  In  our  cavity  an  asymmetry  would 
be  introduced  by  the  damping  waveguides.  However,  a 
harmonic  analysis  of  the  accelerating  field  showed  that  such 
distorted  field  components  seen  by  the  ports  are  lower  than 
~2%  of  the  surface  field. 

The  possibility  of  multipactor  discharges  was  also 
investigated.  With  the  designed  waveguide  height  of  being 
2  cm,  we  can  avoid  the  most  severe  multipacting  of  1/2 
cycle  in  the  waveguide  ports.  The  multipacting  of  higher 
cycles,  which  may  arise,  can  be  removed  by  conditioning  if 
the  inner  surface  is  sufficiently  clean  and  smooth.  On  the 
other  hand,  a  gap  of  1  mm  was  chosen  between  the  tuner 
and  its  port  wall,  which  can  avoid  any  multipactor 
discharges  regardless  of  the  gap  voltage. 

V.  CONCLUSIONS 

The  design  of  a  high-power  test  cavity  has  been 
completed  based  on  a  thermal  and  RF  analysis.  The  design 
was  aimed  at  providing  effective  cooling  passages  by  a 
simple  fabrication  process.  The  cavity  is  under  construction 
towards  a  high-power  test,  being  planned  in  the  summer  of 
1995. 

VI.  ACKNOWLEDGMENTS 

The  authors  wish  to  thank  Y.  Yamazaki  ,  H. 
Matsumoto,  T.  Kageyama  and  M.  Izawa  for  valuable  advice 
concerning  the  cavity  design.  We  are  also  grateful  to  Y. 
Kimura  and  K.  Takata  for  their  promotion  of  the  ATF 
project,  and  to  all  members  of  the  ATF  group  for  their 
support. 

VIL  REFERENCES 

[1]  J.  Urakawa  et  al..  Proceedings  of  the  Fourth 
Workshop  on  Japan  Linear  Collider,  KEK,  pp.  67-86. 

[2]  F.  Hinode  and  S.  Sakanaka,  in  these  proceedings. 

[3]  S.  Sakanaka  et  al..  Proceedings  of  the  1993  Particle 
Accelerator  Conference,  Vol.  2,  pp.  1027-1029, 

[4]  S.  Sakanaka  et  al.,  Proceedings  of  the  1994 
International  Linac  Conference,  Vol.  1,  pp.  281-283. 

[5]  S.  Sakanaka  et  al.,  in  these  proceedings. 

[6]  M.  Akemoto,  Conference  Record  of  the  1991  IEEE 
Particle  Accelerator  Conference,  Vol.  2,  pp.  1037-1039. 


1790 


DESIGN  OF  AN  RF  SYSTEM  FOR  THE  ATF  DAMPING  RING 

S.  Sakanaka,  F.  Hinode,  M.  Akemoto,  H.  Hayano,  H.  Matsumoto,  K.  Kubo, 

S.  Tokumoto,  T.  Higo  and  J.  Urakawa, 

KEK,  National  Laboratory  for  High  Energy  Physics,  1-1  Oho,  Tsukuba-shi,  Ibaraki-ken,  305  Japan 


This  paper  describes  the  overall  design  of  an  RF 
system  for  the  ATF  damping  ring  (DR).  The  RF  system 
comprises  four  single-cell  cavities,  one  250-kW  klystron,  a 
WR1150  waveguide  network  and  a  low-level  RF  system. 
The  system  parameters,  layouts  and  development  of  the 
principal  components  are  given. 

1.  INTRODUCTION 

The  ATF  damping  ring  [1,2]  is  under  construction  at 
KEK  in  order  to  study  the  production  of  high-intensity 
multibunch  beams  having  extremely  low  emittance,  which 
is  required  for  future  linear  colliders.  The  challenges  of  the 
RF  system  mainly  come  from  the  large  beam  current  (600 
mA  max.)  and  high  cutoff  frequencies  of  the  beam  pipe 
(9.6  and  7.3  GHz  for  monopole  and  dipole  modes, 
respectively),  which  impose  severe  restrictions  on  the 
cavity  HOM  (Higher-Order-Mode)  impedances. 

The  principal  requirements  for  the  RF  system  are:  1)  to 
provide  the  accelerating  voltage  needed  to  obtain  a  short 
bunch  length  of  5  mm,  2)  to  compensate  for  radiation 
losses,  and  3)  to  accommodate  a  suitable  low-impedance 
environment  for  the  beam.  Table  1  is  a  list  of  the 
parameters  of  the  ATF  DR  relevant  to  the  RF  system.  A 
frequency  of  714  MHz,  which  is  one  quarter  of  the  injector 
linac  frequency,  was  chosen.  A  total  gap  voltage  of  about  1 
MV  is  needed  to  obtain  a  bunch  length  of  5  mm  (which 


Table  1.  RF-related  parameters  of  the  ATF  DR. 


Beam  energy 

Eo 

1.54  GeV 

Maximum  beam  current 

(^o)max 

600  mA 

RF  frequency 

/rf 

714  MHz 

Harmonic  number 

h 

330 

Total  gap  voltage 

Vc 

1.0  MV 

Number  of  cavities 

Nc 

4 

Synchrotron  radiation  loss  per  turn 

Uo 

156  keV 

RF  bucket  height 

2.2% 

Natural  bunch  length 

^zo 

3.6  nun 

Shunt  impedance  per  cavity 

Esh 

3.6  MQ 

Unloaded-Q  of  cavity 

Qo 

22,100 

Cavity  coupling  coefficient 

P 

2.4 

Dissipated  power  per  cavity 

Pc 

17.4  kW 

Beam  loading  per  cavity*^ 

Pb 

23.5  kW 

Transmission  power  per  window*^ 

P win 

40.9  kW 

Total  generator  power 

Pg 

163.5  kW 

Cavity  detuning  amount*^ 

Af 

-138  kHz 

*)  At  the  maximum  beam  current  of  600  mA. 
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includes  the  anticipated  bunch  lengthening  by  a  potential- 
well  distortion).  Then,  the  RF  bucket  height  becomes  2.2%, 
which  is  sufficient  for  beam  injection  (requiring  more  than 
1%).  A  total  generator  power  of  164  kW  is  required  for  the 
power  source  under  steady  operation  at  a  maximum  beam 
current  of  600  mA. 

II.  CAVITIES 

In  order  to  avoid  coupled-bunch  instabilities  driven  by 
the  cavity  HOM  impedances,  four  HOM-damped  cavities 
are  to  be  implemented  in  the  ATF  DR.  A  single-cell  copper 
cavity,  in  which  the  HOMs  are  damped  by  four  waveguide 
ports  terminated  by  broadband  loads,  was  designed. 
Additional  HOM  damping  in  the  high-frequency  region  is 
provided  by  HOM  absorbers  attached  to  the  beam  pipes  of 
the  RF  section  [3].  The  design  considerations  and  results  of 
low-power  measurements  are  described  in  refs.  [4]  and  [5], 
respectively. 

The  design  parameters  of  the  cavity  are  also  given  in 
Table  1.  Under  a  nominal  gap  voltage  of  0.25  MV/cavity, 
the  dissipated  power  on  the  cavity  wall  is  17.4  kW/cavity. 
The  coupling  coefficient  of  the  input  coupler  is  set  to  be 
2.4,  which  gives  optimum  coupling  at  the  maximum  beam 
current.  Then,  the  transmission  power  through  an  input 
window  becomes  40.9  kW.  Since  this  power  level  is  within 
our  experience,  we  have  chosen  a  cylindrical  ceramic 
window  with  loop  coupling,  which  was  designed  by  scaling 
from  those  of  TRISTAN  normal-conducting  cavities  [6]. 
The  design  of  a  prototype  high-power  test  cavity  has  been 
completed.  The  design  of  the  test  cavity  is  presented  in  an 
accompanying  paper  [7]. 

III.  SYSTEM  LAYOUT 

Figure  1  shows  a  block  diagram  of  the  RF  system.  RF 
power  is  supplied  by  a  250-kW  klystron,  which  is  operated 
20%  below  saturation,  thus  allowing  for  automatic  gain 
control  (AGC).  This  output  power  still  has  a  margin  of 
20%  in  order  to  allow  for  the  use  of  some  fast  feedback 
loops,  which  may  be  required  to  control  any  transient 
effects  during  beam  injections.  The  klystron  is  under 
design,  the  parameters  of  which  are  given  in  Table  2. 

The  power  from  the  klystron  is  divided  into  four  parts 
by  magic -tees,  being  delivered  to  the  cavities  through  a 
WR1150  waveguide  network.  In  order  to  protect  the 
klystron  from  reflected  power  from  the  cavities,  we  have 
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INPUT  COUPLER 


Fig.  2,  Layout  of  the  RF  system.  Top  view. 


chosen  the  use  of  two  100-kW  circulators,  rather  than  a 
single  200-kW  circulator,  by  considering  ease  in  the 
development.  Coaxial-type  80  kW  dummy  loads  are  used 
at  the  circulator  ports,  which  are  capable  of  absorbing  more 
than  80  kW  for  a  short  time. 

Figure  2  shows  a  top  view  of  the  system  layout.  The 
distances  between  the  cavities  are  4X  or  3.5A  (see  Fig.  1), 
where  X  is  the  RF  wavelength  in  free  space.  The  feed  lines 
for  the  four  cavities  (after  the  second  magic-tees)  are  not 
completely  symmetrical,  based  on  the  need  to  avoid 


Table  2.  Design  parameters  of  the  250-kW  klystron. 


Frequency  range  (-1  dB  B.W.) 

714  ±1  MHz 

Maximum  output  power 

250  kW 

Beam  voltage 

44.9  kV 

Beam  current 

11.1  A 

Efficiency 

51  % 

Beam  perveance 

1.17  UA7V1-5 

building  frames  or  other  structures.  The  proper  phase 
relation  between  the  cavity  inputs  is  set  by  adjusting  the 
waveguide  lengths  (see  Fig.  1).  For  testing  the  cavities,  we 
have  provided  another  50-kW  klystron  (Phillips,  YK1265) 
along  with  its  power  supply.  The  waveguide  system  can  be 
easily  switched  for  cavity  tests. 

IV.  LOW-LEVEL  CONTROLS 

In  the  damping  ring,  beams  are  injected  by  a  train  of 
10-40  bunches.  When  the  ring  is  initially  filled,  the  beam 
current  in  the  ring  increases  in  steps  of  120  mA  (typically). 
This  causes  an  abrupt  change  in  the  cavity  voltage  and 
phase,  thus  leading  to  beam  loss  if  no  measures  are  taken. 
A  low-level  system  should  control  this  change,  as  well  as 
stabilize  the  voltage  and  phase  in  the  cavity. 

A  preliminary  plan  of  the  low-level  system  is  shown  in 
Fig.  3.  The  amplitude  and  phase  of  the  cavity  input  RF  are 
stabilized  by  an  AGC  and  station  PLL  loops,  while  cavity 
tuning  is  made  by  a  tuner  PLL  loop.  The  fill  of  the  empty 
ring  is  made  according  to  the  following  sequence:  1) 
detune  the  cavity  so  as  to  have  a  tuning  angle  of  vO  which 
gives  optimum  tuning  after  the  first  train  is  injected;  2) 
shortly  (say,  50  |Lisec)  before  injection,  jump  the  generator 
power;  3)  inject  the  first  bunch  train;  4)  detune  the  cavity 
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REFLECTED  POWER 


Fig.  3.  Conceptual  block  diagram  of  the  low-level  system. 


for  the  next  injection;  5)  and  so  on.  During  this  procedure, 
a  signal  gives  notice  of  the  injection  before  the  beam 
arrives.  It  takes  several  seconds  to  fill  the  ring  due  to 
mechanical  movements  of  the  tuners. 

Tracking  simulations  have  showed  that  beams  can  be 
stably  stored  by  using  this  procedure.  The  maximum 
reflected  power  during  filling  is  about  9  kW/cavity,  which 
is  acceptable.  A  difference  in  the  injected  charge  of  0- 
120%  from  the  expected  value  is  acceptable. 

After  the  ring  is  filled  with  full  bunch-trains,  the 
"oldest"  train  is  extracted,  immediately  followed  by  the 
injection  of  a  new  train.  Since  this  injection  is  made  before 
the  "empty"  buckets  pass  the  cavities,  there  is  no  change  in 
the  beam  loading,  except  for  that  due  to  a  fluctuation  of  the 
injected  charge. 

V.  REDUCED  RF  SYSTEM  FOR  INITIAL 
OPERATION 

It  is  planned  that  initial  operations  of  the  DR, 
scheduled  for  the  end  of  1996,  will  be  made  using  a 
reduced  RF  system,  due  to  a  shortage  of  funds.  The 
reduced  system  comprises  two  cavities,  a  50-kW  klystron 
and  one  circulator.  The  left  half  of  the  waveguide  network, 
shown  in  Fig.  2,  is  to  be  built  first,  which  is  compatible  to 
the  full  system.  This  system  can  accommodate  beams  of  90 
mA  with  a  gap  voltage  of  0.45  MV  at  the  full  beam  energy 
(1.54  GeV).  It  can  also  accommodate  beams  of  400  mA 
with  a  gap  voltage  of  0.3  MV  at  lower  energy  (1.3  GeV).  In 
both  cases  the  bucket  height  exceeds  1%,  and  the  natural 
bunch  length  is  less  than  6  mm.  The  system  allows  for 
many  essential  studies  concerning  the  beam  dynamics 
relevant  to  the  production  of  low-emittance  beams. 


VI.  CONCLUSIONS 

A  damping  ring  RF  system  has  been  designed,  and  is 
recently  under  construction.  The  development  of  cavities, 
circulators  or  other  devices  is  progressing.  A  250-kW 
klystron  is  also  under  development,  though  its  use  is  not 
foreseen  until  after  commissioning  the  ring.  A  conceptual 
plan  of  the  low-level  system  has  been  made,  which  will  be 
followed  by  further  developments, 
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abstract 

The  recent  status  of  the  R&D  on  a  damped  structure 
cavity  being  developed  at  ISSP  and  Photon  Factory  is 
presented.  For  the  cavity,  the  higher-order  modes  (ROM’s) 
damping  is  obtained  with  the  large  beam  duct,  a  part  of  which 
is  made  of  sintered  SiC.  A  prototype  cavity  has  been  built  and 
tested  at  low  power  levels.  It  was  confirmed  that  the  ROM's, 
which  can  propagate  out  of  the  cavity  through  the  beam  duct, 
were  strongly  damped  by  the  SiC  duct.  Recently,  fabrication 
of  a  high  power  model  has  been  completed.  Righ  power 
conditioning  of  the  model  is  now  prepared. 

L  INTRODUCTION 

The  damped  cavity  aims  at  being  installed  in  two  low 
emittance  electron/position  storage  rings.  One  is  a  third- 
generation  VUV  and  SX  synchrotron  radiation  source  being 
designed  at  ISSP  [1]  in  collaboration  with  the  Photon 
Factory(PF).  The  other  is  a  high  brilliance  configuration  of 
the  PF  storage  ring  [2].  The  basic  parameters  of  these  storage 
rings  are  listed  in  Table  1. 


Table  1 :  The  basic  parameters  of  the  VUV  and  SX  storage  ring 
and  PF  high-brilliance  configuration. 


vuv-sx 

PF 

Beam  energy  [GeV] 

2.0  GeV 

2.5  GeV 

Lattice  type 

DBA 

FODO 

Circumference  [m] 

374 

187 

Revolution  frequency  [MRz] 

0.801 

1.603 

Natural  emittance  [nm-rad] 

4.9 

27 

RF  frequency  [MRz] 

500.1 

500.1 

Rarmonic  number 

624 

312 

Peak  effective  voltage  [MV] 

1.5 

1.5 

Energy  loss  /  turn  [keV] 

213.8 

398.8 

Beam  current  [mA] 

400 

500 

Bunch  length  [mm] 

-4 

~10 

Number  of  the  cavity 

3 

4 

The  schematic  of  a  quadrant  of  the  cavity  is  shown 
in  Fig.  1.  The  cavity  has  large  beam  duct,  a  part  of  which  is 
made  of  sintered  SiC.  The  ROM’s  propagating  out  from  the 
cavity  through  the  beam  duct  are  then  absorbed  by  the  SiC 
parts[3,4]. 

The  SiC  material  we  adopted  was  CERASIC-B 
(pressureless  sintered  SiC  made  by  Toshiba  Ceramics  Co. 
Ltd.),  which  has  properties  such  as  high  thermal  conductivity, 
a  small  outgassing  rate,  adequate  mechanical  strength  and 


suitable  resistivity  of  10  - 100  Q-cm  in  the  frequency  range  of 
a  few  GRz. 


Figure  1:  The  cross  sectional  view  of  the  damped  cavity. 


n.  LOW  POWER  MEASUREMENT  OF  THE 
PROTOTYPE 

We  have  fabricated  the  prototype  model  of  the  cavity 
and  carried  out  its  low  power  test.  The  model  cavity  itself  was 
made  of  aluminum.  Two  types  of  beam  ducts  with  the  same 
length  were  prepared  for  the  test.  One  was  all  made  of 
aluminum  and  the  other  was  partly  made  of  CERASIC-B.  The 
measured  resistivity  of  the  CERASIC-B  duct  was 
approximately  80  Q-cm  in  the  frequency  region  of  1.5  to  3.0 
GRz. 

The  cavity  has  four  ports,  which  are  for  an  input 
coupler,  a  tuning  plunger  and  two  blank-flanges,  respectively. 
We  fabricated  a  cold  model  of  newly  designed  input  coupler 
with  low  VSWR  at  the  operating  frequency  of  500.1  MRz  [5]. 
The  tuning  plunger  was  the  same  type  as  used  in  the  PF 
cavity.  The  blank-flange,  also  called  fixed  tuner,  is  a  flange 
with  cylindrical  block  to  pad  the  port  of  the  cavity.  We 
measured  the  effects  of  block  length  on  the  resonance 
frequencies  and  Q-values  of  ROM’s. 

The  measurement  of  RF  characteristics  was  made 
with  a  network  analyzer  (RP8510C).  For  mode  identification 
of  ROM’s,  the  field  distributions  in  the  cavity  with  aluminum 
beam  duct  were  measured  by  the  method  of  perturbation 
technique  [3].  All  modes  predicted  by  the  computer  code 
URMEL  were  well  identified. 
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A  .  HOM’s  above  cutoff  frequency  of  the  beam-duct 

The  HOM's  with  frequencies  higher  than  the  cutoff 
of  the  140  iiun0  beam  duct  (1.64  GHz  for  TMOl  mode  and 
1.26  GHz  for  TEl  1  mode)  can  propagate  out  from  the  cavity. 
It  is  therefore  expected  that  they  can  be  absorbed  by 
CERASIC-B  ducts.  We  then  measured  the  transmission 
response  (S21)  between  two  small  rod  antennas  put  at  both 
endplates  of  the  beam  duct.  Figure  2  and  3  show  the  measured 
spectrum  from  1.5  GHz  to  2.0  GHz.  Figure  2  is  the  case  of 
the  aluminum  beam  duct  and  Fig.  3  the  case  of  CERASIC-B 
beam  duct.  Similarly,  Figures  4  and  5  show  the  spectrum 
from  2.0  GHz  to  2.5  GHz.  Figure  4  is  the  case  of  the 
aluminum  beam  duct  and  Figure  5  the  case  of  CERASIC-B 
beam  duct.  The  identified  modes  with  URMEL  notation  are 
also  indicated  in  Figs.  2  and  4.  As  shown  in  the  figures,  all 
resonances  for  the  CERASIC-B  beam  duct  were  strongly 
damped  and  no  longer  visible. 

B .  Trapped  inodes 

Since  the  HOM's  with  frequencies  lower  than  the 
cutoff  of  the  140  mm0  beam  duct  are  trapped  in  the  cavity 
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Figure  2:  HOM’s  from  1.5  to  2.0  GHz  for  the  A1  beam  duct. 


Figure  3:  HOM’s  from  1.5  to  2.0  GHz  for  the  SiC  beam  duct. 


2.0  2.1  22  23 


Frequency  [GHz] 

Figure  4:  HOM’s  from  2.0  to  2.5  GHz  for  the  A1  beam  duct. 


Frequency  [GHz] 

Figure  5:  HOM’s  from  2.0  to  2.5  GHz  for  the  SiC  beam  duct. 

and  they  can  not  be  absorbed  in  the  CERASIC-B  duct.  The 
properties  of  these  trapped  modes  are  summarized  in  Tables  2 
and  3.  In  order  to  avoid  the  instability  due  to  these  modes,  two 
kind  of  methods  may  be  applicable.  One  is  the  detuning  of 
resonant  frequencies  of  the  HOM’s  by  properly  choosing  the 
lengths  of  the  blank-flanges  [6],  and  the  other  is  a  bunch 
feedback  method  [7]. 

Figure  6  shows  examples  of  the  frequency  dependence 
of  HOM’s  on  the  length  of  blank-flange.  The  lengths  in  the 
figures  are  measured  inward  from  the  surface  of  the  cavity. 
These  data  were  taken  under  the  following  conditions;  the 
frequency  of  accelerating  mode  was  fixed  at  500.1  MHz  by 
adjusting  the  tuning  plunger,  and  the  length  of  one  blank- 
flange  was  changed  while  that  of  the  other  was  fixed.  Figure 
6(a)  is  for  TMllOh  modes  and  (b)  for  TMOll  mode.  For 
TMllOh  mode,  the  frequency  detuning  can  be  easily  done 
since  the  frequency  shift  is  sufficiently  large.  However,  it 
would  be  difficult  for  TMOll  mode,  because  of  its  small 
frequency  shift.  Thus  the  feedback  method  should  be  applied 
for  this  kind  of  mode.  The  measured  frequency  shifts  with  the 
length  of  blank-flange  for  all  trapped  modes  are  also  shown  in 
Table  2  and  3. 
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Table  2:  The  properties  of  longitudinal  trapped  modes.  Qc  indicates  the  Q-values  for  Cu  estimated  from  the  measured  ones  for 
Al.  Af  is  a  frequency  shift  per  1mm  change  in  the  length  of  one  blank- flange  for  the  accelerating  mode  being  fixed  at  500.1 
MHz. 


Mode  type 

URMEL 

notation 

f  [MHz]  (meas.) 

Q  (calc.) 

Qc  (meas.) 

(Rs/Q)  [Q] 
(calc.) 

Af  [kHz/mm] 

TMOIO 

0-EE-l 

500.1 

43894 

36000 

175 

TMOll 

0-ME-l 

793.0 

36554 

28000 

52.2 

20 

O-BE-3 

1310.0 

56807 

7000 

9.28 

10 

TM021 

O-ME-2 

1371.0 

43051 

11000 

8.90 

85 

Table  3:  The  properties  of  transverse  trapped  modes. 


Mode  type 

URMEL 

notation 

f  [MHz]  (meas.) 

Q  (calc.) 

Q  (meas.) 

(Rt/Q)  [Q/m] 
(calc.) 

Af  [kHz/mm] 

TElll 

1-ME-l 

704.6 

45739 

30000 

7.40 

150 

TMllOV 

1-EE-l 

789.7 

49972 

7000 

248 

-100 

TMllOH 

1-EE-l 

792.6 

49972 

39000 

248 

100 

TMlllH 

l-ME-2 

988.8 

27214 

25000 

449 

-90 

TMl  1 IV 

l-ME-2 

989.8 

27214 

17000 

449 

120 

991.3 

32000 

50 

Figure  6:The  frequency  dependence  of  HOM  on  the  length  of 
blank-flange,  (a)  TMl  lOh  mode,  (b)  TMOl  1  mode. 

III.  HIGH  POWER  MODEL 


Recently,  fabrication  of  a  high  power  model  has  been 
completed.  Figure  7  shows  the  model  with  a  newly  designed 
input  coupler  described  in  Ref.[5].  The  model  was 
manufacured  at  Keihin  Product  Operations  of  Toshiba 
Corporation.  The  main  part  of  the  high  power  model  is  made 
of  OFHC  copper.  The  unloaded  Q  value  of  the  accelerating 
mode  was  measured  to  be  39000  at  500.1  MHz.  The  coupling 
coefficient  B  was  2.35,  while  the  value  expected  from  the  low 
power  measurement  was  2.27  [5]. 

We  have  also  fabricated  the  CERASIC-B  duct  for 
high  power  test.  The  duct  is  composed  of  Al  duct  with 
ICF253  flanges  and  CERASIC-B  duct  which  is  inserted  in  the 
Al  duct  by  the  method  of  shrink  fit.  The  high  power  test  of 
the  CERASIC-B  duct  has  been  successfully  carried  out  as 
described  in  Ref.  [8]. 

The  high  power  test  of  the  cavity  is  being  prepared. 
We  will  soon  start  its  high  power  conditioning. 


Figure  7:  The  high  power  model. 
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The  HOM  absorber  for  the  normal  conducting  RF  cavity 
of  the  KEK  B-factory  (KEKB)  was  designed.  Sixteen  bullet- 
shape  sintered  SiC  (silicon  carbide)  ceramics  are  used  for 
HOM  absorption.  The  HOM  power  to  be  handled  will  be 
about  10  kW  per  cavity,  corresponding  to  about  1  kW  per 
absorber.  A  prototype  of  SiC  absorber  was  made  to  verify 
the  performance  as  a  HOM  absorber  in  vacuum.  The  high 
power  test  was  carried  out  successfully  using  a  pulsed 
klystron  (f=1296  MHz).  The  design  of  the  HOM  absorber 
and  the  results  of  the  high  power  test  are  discussed. 

1.  INTRODUCTION 

A  prototype  of  normal  conducting  cavity  for  KEKB  has 
been  designed  and  built  [1].  This  prototype  cavity  is  loaded 
with  a  coaxial  waveguide  for  damping  higher  order  modes 
(HOM's).  The  waveguide  is  equipped  with  a  notch  filter. 
Figure  1  shows  a  schematic  drawing  of  this  cavity.  For  HOM 
absorption,  sixteen  bullet-shape  sintered  SiC  ceramics  are 
inserted  from  the  end  of  the  coaxial  waveguide.  The  absorber 
dimensions  are  40  mm  in  diameter,  and  400  mm  in  total 
effective  length  including  a  100-mm  nosecone  section.  Each 
SiC  absorber  has  a  cooling  water  channel  bored  inside  and  is 
directly  cooled.  The  HOM  power  (at  frequencies  around  1 
GHz)  to  be  handled  will  be  on  the  order  of  ~10  kW  per 
cavity,  corresponding  to  -1  kW  per  absorber. 

Some  reasons  why  we  have  chosen  SiC  ceramics  are  as 
follows:  1)  SiC  is  a  fine  and  dense  ceramics  which  has  a  high 
mechanical  strength  and  a  low  outgassing  rate,  and  is 
chemically  inert.  2)  SiC  has  a  relatively  high  thermal 
conductivity  of  -120  W/mK  at  room  temperature,  which  is 
about  one  half  of  that  of  Aluminum  (230  W/mK).  3)  At  the 


Figure  1 :  A  schematic  drawing  of  the  test  cavity. 


2.5-GeV  electron  linac  in  KEK,  nearly  two  hundred  SiC 
absorbers  (diameter  =  24  mm,  length  =  300  mm)  have  been 
used  for  the  S-band  waveguide  loads  without  any  troubles 
for  about  ten  years.  A  prototype  of  S-band  SiC  absorber  was 
tested  up  to  a  peak  power  of  10  MW  with  a  pulse  width  of 
3.5  |xsec  at  50  Hz,  corresponding  to  a  average  power  of  1.75 
kW  [2].  Among  these  reasons,  the  third  one  most  encouraged 
us  to  use  SiC  ceramics. 

11.  HOM  ABSORBERS 

A.  Permittivity  of  SiC 

We  measured  the  complex  permittivities  of  several  SiC 
samples  and  selected  an  a-type  SiC  ceramics  [3].  Figure  2 
shows  the  frequency  response  of  the  dielectric  constant  e’ 
and  the  loss  tangent  of  the  SiC  ceramics,  measured  using  a 
dielectric  probe  kit  (HP85070B). 

The  permittivity  of  the  SiC  ceramics  is  sensitive  to 
production  conditions  such  as  sintering  temperature, 
contamination  of  furnace  atmosphere  and  so  on.  Many 
products  of  SiC  ceramics  are  usually  used  for  mechanical 
parts  such  as  a  bearing.  The  electric  properties  are  not 
usually  specified.  Therefore,  we  must  pay  attention  to  the 
reproducibility  of  the  electric  properties  of  the  SiC 
ceramics.  We  measured  the  permittivity  of  SiC  ceramics  of 
different  lots  for  the  HOM  absorbers.  We  confirmed  that  the 
SiC  ceramics,  sintered  in  the  same  furnace,  have  almost  the 
same  permittivity.  Further  studies  are  being  continued  to 
control  the  permittivity. 


0.5  1  1.5  2 

Freq  (GHz) 


Figure  2:  The  dielectric  constant  and  loss  tangent  of  the 
SiC  ceramics  are  plotted  as  a  function  of  frequency. 
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B.  Vacuum  Seal  Methods 

We  designed  two  types  of  SiC  absorbers  for  the 
prototype  cavities.  One  of  them  (model  A)  has  a  vacuum  seal 
structure  using  a  metal  o-ring  and  the  other  (model  B)  has  a 
metal  sleeve  directly  brazed  to  the  SiC  ceramics.  Figure  3 
shows  a  schematic  drawing  of  model  B.  Figures  4  and  5 
show  the  vacuum  seal  structures  of  these  models. 


Figure  3:  A  schematic  drawing  of  the  model  B  absorber. 

Since  the  structure  of  model  A  is  simple  and  easy  to 
fabricate,  we  employed  model  A  for  the  first  prototype 
cavity.  A  vacuum  test  was  carried  out  using  a  test  set  with 
the  same  sealing  structure.  Heat-cycle  test  (15-80  *C)  was 
also  carried  out  about  ten  times.  No  vacuum  leak  was 
detected.  However,  we  had  some  leak  trouble  when  SiC 
absorbers  were  installed  in  the  first  prototype  cavity.  We  are 
planing  to  further  vacuum  test  of  this  structure  to  optimize 
the  surface  roughness  of  the  SiC  ceramics  for  better  vacuum- 
seal  performance. 

The  absorbers  of  model  B,  which  will  be  installed  in  the 
second  prototype  cavity,  was  designed  for  more  reliable 
vacuum  tightness  in  the  long  term  operation.  A  copper  thin 
sleeve  was  directly  brazed  to  the  SiC  ceramics.  Generally, 
brazing  the  SiC  ceramics  with  a  metal  is  a  very  difficult 
technique.  Some  reasons  are  as  follows:  1)  Since  the 
coefficient  of  thermal  expansion  of  the  SiC  ceramics 
(4.2x10-6  rC)  is  much  smaller  than  those  of  metals  (for 
copper  it  is  16.6x10-6  TC),  large  stress  at  the  braze  joint 
develops  in  cooling  process  of  the  brazing.  2)  By  the  reaction 
between  the  SiC  ceramics  and  the  brazing  alloy  (such  as  Cu- 


METALORINQ  SEAL 


Figure  4:  A  SiC  absorber  using  a  metal  o-ring  for  the 
vacuum  seal. 


Ag-Ti),  some  fragile  alloys  are  usually  produced,  and  makes 
the  braze  joint  weak. 

A  stable  brazing  between  the  SiC  ceramics  and  the 
copper  sleeve  was  developed  by  a  supplier  [4].  This 
technique  was  applied  to  the  model  B.  Test  pieces  of  model 
B  passed  more  than  500  heat  cycles  (-30-180  X)  [5]. 

Figure  6  shows  a  prototype  of  the  model  B  absorber, 
which  will  be  installed  in  the  second  prototype  cavity. 


Figure  6:  A  prototype  of  the  model  B  absorber. 


III.  HIGH-POWER  TEST 

A  prototype  SiC  absorber  of  model  A  was  made  to 
verify  the  performance  as  a  HOM  absorber  in  vacuum. 
Figure  7  shows  the  layout  of  the  high  power  test.  The 
prototype  absorber  was  inserted  from  the  end  of  an  L-band 
rectangular  waveguide  (WR650),  where  the  standing-wave 
ratio  VSWR  was  measured  -1.1.  The  vacuum  pressure  was 
about  10"^®  -  10"^  Torr  after  a  64-hour  baking  at  80  "C.  The 
high  power  test  was  carried  out  using  a  pulsed  klystron  (f  = 
1296  MHz)  up  to  a  peak  power  of  128  kW  with  a  pulse 
width  540  |Lisec  at  50  Hz,  corresponding  to  a  average  power 
of  -3.5  kW,  The  prototype  absorber  functioned  normally 
without  any  vacuum,  thermal,  or  discharge  trouble  up  to  2.5 
kW  of  average  RF  power.  However,  the  vacuum  pressure 
increased  gradually  (10‘^-10"^  Torr)  over  2.5  kW.  This  is 
due  to  the  temperature  rise  at  the  nosecone  tip  of  the  SiC 
absorber,  which  was  roughly  estimated  about  100  "C  at  2.5 
kW.  This  SiC  absorber  would  handle  much  higher  average 
power  than  2.5  kW  if  either  cooling  water  is  led  near  the 
nosecone  tip  or  the  absorber  is  baked  enough  at  a  higher 
temperature. 

The  outgassing  rate  of  the  SiC  ceramics  was  also 


Figure  5:  A  SiC  absorber  using  a  brazing  joint.  The 
SiC  ceramic  is  directly  brazed  to  a  copper  sleeve. 
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measured  using  a  cylindrical  sample  (diameter  =  50  mm, 
height  =  50  mm).  After  24-hour  baking  at  150  T,  the 

outgassing  rate  at  room  temperature  was  SxlO"^^  Torr  1/s 
2 

cm^. 


RF  POWER  FROM 
KLYSTRON 


Figure  7:  The  layout  of  the  high  power  test. 

IV.  CONCLUSION 

Two  types  of  HOM  absorbers  made  of  SiC  ceramics 
were  designed.  One  of  them  has  a  vacuum  seal  structure 
using  a  metal  o-ring  and  the  other  has  a  metal  sleeve  directly 
brazed  to  the  SiC  ceramics.  A  prototype,  which  used  a  metal 
o-ring,  was  made  to  verify  the  performance  as  a  HOM 
absorber  in  vacuum.  High  power  test  was  carried  out 
successfully.  This  prototype  absorber  handled  up  to  the 
average  power  of  2.5  kW,  which  satisfies  the  requirement  of 
the  absorber.  Higher  average  power  than  2.5  kW  would  be 
handled  by  improving  the  water  cooling  circuit  in  the 
nosecone. 
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Abstract 

To  reduce  the  impedance  of  the  cavity  higher  order 
modes,  (HOM’s),  a  compact  broad-band,  low-reflection, 
waveguide  load  is  required  with  a  VSWR  less  than  2:1  in  the 
frequency  range  714  MHz  to  2500  MHz.  The  load  must  also 
work  in  the  high  vacuum  of  the  cavity,  and  be  capable  of 
dissipating  up  to  10  kW  of  power  which  is  generated  by  the 
the  interaction  of  the  beam  with  the  cavity  HOM’s  and  which 
is  directed  to  each  load  assembly.  A  prototype  load  assembly 
is  being  fabricated  which  uses  the  lossy  ceramic  Al-N  with 
7%  by  weight  glassy  carbon  to  absorb  the  microwave  power. 

1.  Introduction 

Each  RF  cavity  [1,2]  in  the  PEP-II  B-factory  will  have 
three  HOM  waveguide  load  assemblies,  one  of  which  is 
depicted  in  figure  1.  The  assembly  consists  of  the  vacuum 
flange  which  bolts  to  the  cavity,  a  section  of  uniform 
waveguide  25cm  x  2.54cm  (  ^^=600  Mhz  )  which  seperates 
the  lossy  material  from  the  exponentially  decaying  field  of  the 
fundamental  mode  at  476  Mhz,  and  the  lossy  ceramic  tapers 
at  the  end  of  the  waveguide  which  absorb  the  power  fi'om  the 
HOM’s.  The  lossy  ceramic  Al-N  with  glassy  carbon  [3]  is 
used  to  dissipate  the  power.  Computer  simulations  were  used 
to  design  the  footprint  of  the  ceramics,  which  are  arranged  in 
two  triangular  wedges  and  are  brazed  onto  one  side  of  the 
waveguide  at  the  end  of  the  curved  waveguide  assembly  [4]. 
Custom  made  ceramic  tiles  ready  for  brazing  into  the 
prototype  were  procured  from  industry  [5].  The  design  was 
verified  electrically  by  measuring  the  reflection  from  a  cold 


Flange 

Figure  1.  Higher  order  mode  load  assembly.  The  assembly  is 
curved  to  fit  in  the  available  space. 
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test  model  of  the  lossy  ceramic  section  of  the  HOM  load 
assembly.  In  addition  the  complex  dielectric  constant  was 
measured  on  both  the  ceramic  used  for  the  prototype,  and  on 
previous  samples  of  this  type  of  ceramic,  and  the  data  are 
presented.  A  schematic  of  the  planned  high  power  test  is 
presented  at  the  end. 

2.  Lossy  Ceramic  Layout 

The  Al-N  ceramic  tiles,  nominally  2cm  x  2cm  x  1.9cm, 
are  arranged  into  two  tapers  which  flare  out  from  the  sidewall 
of  the  25cm  x  2.54cm  waveguide.  The  detailed  footprint  of 
the  individual  ceramic  tiles  that  will  be  used  in  the  prototype 
HOM  load  assembly  is  shown  in  figure  2.  The  individual 
rectangular  ceramics  are  angled  with  respect  to  the  centerline 
of  the  waveguide  so  that  the  smoothest  interface  is  presented 
to  the  oncoming  RF  wave  which  minimizes  reflections.  Non- 
rectangular  tiles  are  employed  on  the  sidewalls  and  the 
backside  of  the  ceramic  taper  to  smoothly  fill  in  the  space 
which  also  reduces  reflections  caused  by  changes  in  the 
propagation  constant.  Figure  3  shows  the  composite  heating 
pattern  of  the  load  for  the  nominal  operating  conditions. 


Figure  2.  View  of  ceramic  footprint  looking  down  on  the 
broadwall  of  the  HOM  waveguide.  The  square  tiles  are  2cm 

is  roughly  1mm. 


Figure  3.  Time-averaged  power  density  in  ceramics  for  the 
HOM  power  generated  in  the  cavity  from  714  Mhz  -  2500 
Mhz  with  3  A  of  beam  current.  Only  one  side  of  the  load  is 
shown.  The  peak  power  density  is  3.2  W  cm"^. 

3 .  Prototype  Low  Power  RF  Measurements 
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A  low  power  test  model  of  the  microwave  absorbing  load 
portion  of  the  prototype  assembly  was  created  by  assemblying 
the  tiles  into  the  triangular  pattern  of  figure  2  and  inserting 
the  tiles  into  a  piece  of  uniform  waveguide.  The  reflection 
coefficient,  Sn,  of  this  test  model  was  measured.  The  RF 
measurements  were  made  with  an  HP-8510  network  analyzer 
and  three  sets  of  waveguide  taper  and  coaxial  transitions 
which,  in  combination,  covered  the  frequency  range  of  650 
Mhz  to  4200  Mhz.  A  TRL  calibration  was  performed  with 
each  set  of  tapers  and  transitions  and  then  the  test  model  was 
measured.  The  combined  data  measured  over  the  normal 
operating  ranges  of  the  transitions  is  shown  in  figure  4. 

The  ceramics  used  in  the  test  model  are  shorter  than  the 
design  value  due  to  a  manufacturing  error;  the  ceramics  are 
only  0.714”  tall  whereas  the  design  height  is  0.75”.  With 
these  short  ceramics  the  load  meets  the  specification  of 
VSWR  =  2.0:1,  but  exhibits  little  margin  at  714  Mhz. 
MAFIA  Simulations  indicate  there  is  about  a  7  dB  increase  in 
Sn  because  of  the  reduced  ceramic  height,  thus  the  load  with 
the  full  size  0.75”  tall  ceramics  should  have  more  margin  at 
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Figure  4.  Reflection,  Sn,  of  prototype  load  ceramics 
arranged  in  footprint  of  figure  2.  The  ceramics  are  0.714” 
tall.  The  gap  from  -1800  to  2100  Mhz  is  between 
waveguide  bands  and  is  covered  in  more  detail  later. 

The  dip  in  reflected  power  at  -800  Mhz  is  due  to  the 
partial  cancellation  of  the  reflections  from  the  short  at  the  end 
of  the  load,  and  the  reflection  which  occurs  at  the  modal 
transition  plane.  The  modal  transition  plane  is  defined  as  the 
region  where  the  propagating  mode  switches  rapidly  from  the 
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Figure  5.  Prototype  load  response  with  different  distances 
between  the  end  of  the  ceramic  tiles  and  the  short  at  the 
end  of  the  load  (’’Back  Gap”).  With  increasing  distance  the 
dip  in  reflected  power  decreases  in  frequency. 


normal  TEio  mode,  with  most  of  the  power  in  the  center  of 
the  waveguide,  to  the  mode  which  carries  energy  in  the 
ceramics  along  the  edge  of  the  waveguide.  To  test  this  we 
measured  the  response  of  the  load  while  varying  the  distance 
at  the  end  of  the  load  to  the  short;  a  longer  distance  should 
move  the  dip  lower  in  frequency.  The  results  are  shown  in 
figure  5. 

There  is  a  region  from  1800  Mhz  to  2100  Mhz  which  is 
not  covered  by  the  experimental  set-ups  when  used  over  their 
designed  operating  ranges.  However,  a  measurement  can  be 
made  in  this  region  using  the  WR-650  tapers  and  transitions. 
We  calibrate  the  tapers  and  transitions  as  we  normally  do  but 
over  the  frequency  range  of  1600  to  2200  Mhz.  The 
calibration  procedure  is  unable  to  remove  the  affects  of  the 
larger  reflections  in  this  frequency  band,  which  is  outside  the 
designed  range  of  the  tapers  and  transitions;  however,  there 
do  exist  regions  in  between  the  large  reflections  where  the 
calibration  procedure  is  able  to  accomodate  the  remaining 
reflections.  Figure  6  shows  the  measurement  of  the  test  model 
and  the  measurement  of  the  two  waveguide  tapers  alone  used 
in  the  calibration.  The  spikes  in  the  measurement  of  the  two 
tapers  alone  are  frequency  regions  in  which  the  large 
reflections  could  not  be  calibrated  out;  however,  in  between 
these  spikes  are  regions  in  which  the  measured  rrflection 
from  the  load  is  believed  reliable.  Note  that  at  1600  Mhz  and 
at  2200  Mhz  this  measurement  of  the  test  model  agrees  with 
the  previous  measurements  made  with  components  operating 
within  their  designed  frequency  range. 
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Figure  6.  Reflection,  Sn,  of  prototype  load  ceramics 
measured  using  the  WR-650  set-up  above  TE20  cutoff.  The 
dashed  line  is  a  measurement  of  the  waveguide  tapers 
alone.  In  between  the  spikes  of  the  taper  response  the  data 
for  the  load  is  believed  reliable. 

4.  Dielectric  Measurements  of  Ceramic 

4.1.  Ceramic  for  the  Prototype 

The  electrical  properties  of  the  Al-N  ceramic  which  will 
be  used  for  the  prototype  were  measured  using  a  coaxial 
probe,  HP  85070B,  attached  to  a  network  analyzer.  Figure  6 
shows  the  results  of  eight  measurements  on  one  8”  x  8”  billet. 
The  spread  in  dielectric  constant  is  slightly  larger  than  the 
precision  of  the  measurement  and  indicates  some  slight 
variability  in  dielectric  constant  within  the  billet. 
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Figure  7,  Measured  dielectric  constant  of  ceramic  used  in 
prototype.  The  8  measurements  are  from  one  8”  x  8”  billet. 


42.  Entire  collection  of  ceramics 

In  addition  to  the  material  for  the  prototype  we  also 
measured  some  Al-N  ceramic  we  had  previously  purchased 
earlier  in  the  development  cycle.  These  measurements 
encompass  some  material  which  was  produced  while  the 
ceramic  process  yielded  more  variability  in  density.  The 
current  process  is  claimed  to  yield  ceramics  with  a  density  of 
2.95  -  2.98  gm  cm"^.  The  ceramic  used  in  the  prototype  load 
assembly  has  a  density  of  2.97  gm  cm'^.  We  present  this  data 
for  reference.  We  measured  this  material  using  a  combination 
of  the  HP  coaxial  probe  technique  and  also  using  a  stripline 
fixture  that  was  supplied  by  W.  Barry  at  LBL[6].  Based  on 
the  limited  measurements  to  date,  we  have  found  the 
dielectric  constant  increases  with  density,  but  also  exhibits 
some  variability  for  a  given  density.  Figure  8  shows  a  series 
of  measurements  that  encompassed  materials  of  different 
densities.  Measurements  using  the  two  techniques  on  the 
same  material  agreed  within  -10%. 


Figure  8  Real  and  imaginary  part  of  dielectric  constant  vs. 
frequency  and  density, 

43  Sensitivity  of  Load  to  Variations  in  Dielectric  Constant. 

The  reflection  from  the  load  is  most  strongly  affected  by 
changes  in  the  dielectric  constant  at  the  lower  frequencies 


where  the  load  is  electrically  shorter  and  some  of  the  incident 
power  reflects  off  the  back  wall.  Simulations  predict  the  load 
will  meet  the  reflection  specification  for  50  >  Re(  e/eo)  >  26  at 
714  Mhz. 

5.  Power  Test  of  Prototype  HOM  Assy. 

The  prototype  load  assembly  is  under  construction  and  is 
scheduled  for  a  high  power  vacuum  test  in  early  summer.  We 
will  test  the  assembly  using  a  714  Mhz  klystron  which  is 
capable  of  producing  much  higher  power  densities  in  the  load 
than  will  be  seen  in  normal  operation.  A  waveguide  window 
made  from  MACOR®  and  sealed  with  an  0-ring  will  form  the 
vacuum  seal.  A  layout  of  the  test  is  shown  in  figure  9. 


Figure  9.  Layout  of  high  power  test  on  the  load  assembly. 
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Abstract 

We  describe  the  fabrication  and  testing  of  the  RF  windows 
designed  to  transmit  power  to  the  PEP-II  476  MHz  cavities. 
Design  choices  to  maximize  the  reliability  of  the  window  are 
discussed.  Fabrication  technologies  for  the  window  are 
described  and  finite-element  analysis  of  the  assembly  process  is 
presented.  Conditioning  and  high-power  testing  of  the  window 
are  discussed.  Design  of  the  coupler  assembly  including  the 
integration  of  the  window  and  other  components  is  reported. 

1.  INTRODUCTION 

The  RF  design  of  a  self-matched  RF  window  using  a  10 
inch  (254  mm)  alumina  disk  in  a  WR2100  size  waveguide  is 
described  in  an  earlier  paper  [1].  This  paper  describes  the 
mechanical  realization  and  initial  power  tests  of  the  window 
design.  To  counteract  tensile  stress  on  the  perimeter  of  the 
disk  when  heated  by  RF  fields,  a  stainless  steel  rings  is  shrunk 
onto  the  ceramic  during  the  brazing  process.  The  stainless 
steel  ring  puts  the  ceramic  disk  in  compression  and  thus 
results  in  a  rugged  window  design  capable  of  handling  the  500 
kW  of  RF  power.  To  remove  heat  from  the  window,  a 
cooling  channel  is  included  in  the  stainless  steel  ring.  We 
describe  the  modeling  and  construction  details  of  the  brazing 
operation.  The  post-braze  machining  steps  by  which  the 
window  frequency  and  match  are  tuned  to  the  desired  values  are 
also  described.  A  knife-edge  seal  with  a  copper  gasket  was 
used  to  make  a  vacuum  joint.  To  reduce  multipactor  each 
window  is  coated  with  titanium  nitride.  Two  windows,  back- 
to-back,  are  assembled  onto  a  waveguide  test  chamber  built  to 
be  evacuated  and  operated  with  up  to  500  kW  throughput 
power  into  a  matched  load.  During  the  tests,  calorimetric 
measurements  were  made  and  total  power  loss  in  the  window 
and  iris  were  calculated.  Power  loss  and  temperature 
measurements  correlated  well  with  ANSYS  and  MAFIA 
calculations. 

2.  WINDOW  CONSTRUCTION  DETAILS 
2.1  Compression  concept. 

The  challenge  of  the  braze  of  a  stainless  steel  compression 
ring  to  the  ceramic  disk  is  in  the  difference  of  expansion 
coefficients  which  makes  the  braze  gap  between  the  ceramic 
and  the  stainless  steel  ring  widen  as  the  window  is  heated  to 
braze  temperature.  A  molybdenum  keeper  ring  with  an 
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expansion  coefficient  less  than  that  of  the  ceramic  and  stainless 
steel  is  used  to  shrink  fit  the  stainless  steel  ring  (Fig.  1)  onto 
the  ceramic  so  that  the  braze  gap  is  just  right  at  the  braze 
temperature. 

centering  braze  shims 

copper  plated  stainless  steel 


Figurel.  Braze  fixture  details:  centering  shims,  gaps  at  room 
temperature. 

2.2  Braze  modeling  and  results. 

ANSYS  modeling,  1/3  scale  braze  tests,  and  full  size  braze 
tests  were  required  to  learn  the  critical  parameters  required  to 
control  the  braze  gap,  volume  of  braze  material,  and  the  size 
of  the  fillet.  The  gap  between  the  metallized  alumina  ceramic 
and  the  copper  buffer  layer  on  the  inside  diameter  of  the 
stainless  steel  compression  ring  we  found  to  require  a 
dimension  of  .075+.004  mm  at  braze  temperature.  Too  small 
of  a  gap  would  not  allow  full  flow  of  the  braze  alloy  along  the 
18.3  mm  edge  of  the  window  and  cause  leaks.  Too  large  of  a 
gap  would  not  allow  the  braze  to  fully  bridge  the  gap  and 
possibly  cause  stress  concentrators  and/or  leaks.  Because  of 
the  large  size  and  mass  of  the  various  components,  a  technique 
was  also  required  to  keep  the  braze  gap  uniform  around  the 
perimeter  of  the  window  during  the  heating  to  brazing 
temperature  (1050'’C).  This  was  accomplished  with  braze 
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shims  of  the  braze  alloy  as  shown  in  Figure  1.  which 
maintained  concentricity  until  they  melted  and  were  absorbed 
into  the  braze  joint. 

For  the  optimum  gap  at  brazing  temperature,  the  room 
temperature  clearances  required  between  the  molybdenum 
keeper  ring,  stainless  steel  compression  ring  and  alumina 
ceramic,  were  determined  by  ANSYS  analysis,  1/3  scale 
models  and  finally  by  full-size  trials.  The  required  gaps  are 
shown  in  Figure  1.  These  critical  gaps  were  achieved  by 
measuring  the  inside  diameter  of  the  molybdenum  keeper  ring 
and  the  outside  diameter  of  the  nickel  plated,  metallized 
alumina  ceramic,  to  accuracies  of  .0025mm.  The  inside  and 
outside  diameter  of  the  copper  plated  stainless  steel 
compression  ring  is  then  custom  machined  to  achieve  the 
critical  room  temperature  gap  dimensions. 

A  significant  factor  in  the  consistency  of  the  braze  gap  at 
1050°C,  was  discovered  to  be  the  Mctional  contact  between  the 
molybdenum  keeper  ring  and  the  stainless  steel  compression 
ring.  The  gap  between  the  stainless  steel  compression  ring  and 
the  inside  diameter  of  the  molybdenum  keeper  ring  closes  to 
zero  at  approximately  500°C.  During  the  continued  rise  in 
temperature,  the  stainless  steel  ring  yields  in  compression 
modified  by  frictional  forces  and  the  degree  of  sticking.  The 
contact  elements  in  the  ANSYS  library  allowed  us  to  model 
the  influence  of  friction.  A  titanium  nitride  coating  on  the 
inside  of  the  keeper  ring,  and  a  "green-fired"  or  chrome-oxide 
coated  outside  surface  on  the  compression  ring  were  the  surface 
treatments  which  produced  the  most  reliable  and  repeatable 
frictional  forces  with  minimized  sticking. 

After  all  the  control  variables  were  optimized  we  produced 
three  prototype  windows  which  were  all  leak-tight  and 
compressed.  Figure  2,  shows  one  of  the  post-machined 
windows  with  knife-edge  seal. 


Figure  2.  Ceramic  disk  with  brazed  stainless  steel  compression 
ring  and  post-machined  knife-edge  seal. 


2.3  Fine-tuning  of  the  match. 

After  brazing  the  height  of  the  compression  ring  is 
machined  back  to  create  an  iris  length  which  achieves  the 
desired  match  frequency  of  the  window.  This  also  eliminates 
any  distortion  from  the  brazing  process.  The  sensitivity  of 
this  machining  step  agreed  well  with  the  HFSS  calculations 
and  was  measured  to  be  1.4  MHz/mm.  The  outside  diameter 
of  the  stainless  steel  ring  is  also  made  true  for  the  best  match 
possible.  The  final  result  of  these  machining  operations  are 
shown  in  Figure  3,  with  a  minimum  VSWR  of  1.01 
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Figure  3.  Cold  Test  match  of  a  brazed  and  post  machined  Self- 
Matched  window  measured  in  the  coupler  transition.  (The 
center  frequency  will  shift  down  to  476  MHz  when  the  knife- 
edge  vacuum  seal  is  fully  compressed.) 


2.4.  Vacuum  Seal. 


A  knife-edge  seal  using  a  copper  gasket  was  chosen.  The 
knife-edge  is  cut  as  part  of  the  post  machining  of  the  stainless 
steel  compression  ring.  The  other  half  of  the  knife-edge 
vacuum  seal  is  the  stainless  steel  flange  of  the  16"  x  9" 
waveguide.  A  picture  of  this  seal  assembly  is  shown  in 
Figure  4. 


Figure  4.  Air  side  (WR2100)  flange  showing  the  number  of 
bolts  required  to  provide  the  necessary  force  to  make  the 
vacuum  seal. 
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3.  High  Power  Testing 

5.7.  Test  Chamber, 

The  vacuum  test  chamber  for  the  back-to-back  window  test 
is  shown  in  Figure  5.  The  chamber  was  designed  with 
viewports  to  observe  the  window  surfaces.  Photo-multiplier 
arc-detectors  sensitive  to  UV  and  visible  light  were  also 
included  in  a  position  to  observe  the  high-field  triple  junction 
portion  of  the  window.  An  Infrared  Imaging  camera  was  used 
to  record  window  temperatures  from  the  air  side.  Flow  meters 
and  thermistors  were  used  to  calculate  total  power  loss  in  the 
individual  windows. 


5.2.  Preliminary  Results  of  RF  Power  Tests. 

The  goal  is  to  process  the  assembly  of  two  back-to-back 
windows  with  vacuum  in  between  to  500  kW  power 
transmission.  During  initial  processing  we  were  able  to  run 
CW  power  levels  up  to  400  kW  for  several  minutes  limited  by 
outgassing  as  the  ceramic  heated  up.  Under  continuous 
operation  we  were  able  to  reach  270  kW  of  CW  power  limited 
by  additional  heating  of  the  ceramic  due  to  multipactor.  The 
multipactor  shows  itself  as  a  strong  purple  glow  on  the 
ceramic.  It  does  not  seem  to  process  away  with  CW  or  pulsed 
processing.  As  a  next  step  we  will  increase  the  titanium 
nitride  coating  thickness  and  retest. 

5.5.  Ohmic-loss  Measurement. 

To  check  the  ohmic  loss  behavior  of  the  test  windows,  the 
test  chamber  was  backfilled  with  dry  nitrogen  and  tested  up  to 
500  kW  of  CW  power.  With  the  infrared  imaging  camera,  we 
measured  the  thermal  profile  during  warm  up  and  at  steady 
state.  The  iso-therms  in  the  temperature  profile  had  a  tendency 
to  be  oval  shaped  with  the  highest  temperatures  on  the 
perimeter  in  the  high  current  region.  The  profiles  are  shown 
in  Figure  6.  These  results  agree  well  with  our  predictions 
from  ANSYS  and  MAFIA  calculations  at  this  power  level.  We 
also  used  MAFIA  to  make  the  following  calculations  at  500 


kW  of  CW  power:  surface  wall  currents  in  the  metallizing  and 
nickel  plating  on  the  ceramic  perimeter  produce  150  watts, 
dielectric  losses  in  the  ceramic  produce  157  watts,  and  iris  wall 
losses  produced  71  watts.  These  loss  calculations  totaled  378 
watts.  At  500  kW  in  air,  we  found  excellent  agreement  with 
327  watts  measured  on  one  window  and  350  watts  on  the 
other. 


4.  COUPLER  Geometry 

The  coupler  geometry  designed  for  the  RF  cavity  places  the 
window  around  a  90°  E-bend,  away  from  direct  line-of-sight  of 
the  beam.  The  16’‘x9‘'  (406x23  mm)  rectangular  waveguide 
size  was  chosen  to  place  the  window  in  a  cavity  detuned  short 
position  to  limit  the  voltge  excursions  during  RF  transients 
[2]. 


Figure  6.  Temperature  profile  across  the  window  with  500 
kW  incident  power  (thin  line  parallel  to  E  field,  thick  line 
orthogonal  to  E-field) 

5.  Conclusions 

The  manufacturing  method  for  producing  pre-stressed 
windows  is  complete.  RF  Power  tests  are  encouraging.  The 
anti-multipactor  coating  requires  further  optimization.  The 
ohmic-loss  measurements  agree  with  the  calculations. 
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The  input  coupler  for  the  normal  conducting  RF  cavity  of 
the  KEK  B-factory  (KEKB)  was  designed  comprising  a  disk- 
type  coaxial  ceramic  window  and  a  door-knob  transition.  We 
designed  two  different  types  of  window  structure;  one  is  a 
choke-type  structure  and  the  other  is  a  under-  and  over-cut 
structure.  The  fabrication  of  two  types  coupler  is  underway  in 
order  to  confirm  the  RF  properties. 

L  INTRODUCTION 

The  reliability  of  the  input  coupler  is  usually  the  critical 
technical  issue  for  the  development  of  the  cavity  system.  At 
present  stage  the  cavity  for  KEK  B-factory  requires  about 
400KW  (CW)  RF-power  per  cavity  (the  RF  frequency  is 
508.8  MHz)  [1].  In  order  to  keep  the  stable  operation  at  400 
kW,  the  coupler  should  be  able  to  transmit  RF-power 
significantly  higher  than  400  kW.  Thus  we  have  set  the  target 
value  of  the  transmitted  RF  power  on  800  kW  (CW)  that  is 
twice  as  high  as  the  required  power. 

Since  the  reliability  of  the  coupler  strongly  depends  on 
that  of  the  ceramic  window  in  the  coupler,  we  recognize  that 
the  choice  of  the  window  structure  is  most  important  for  the 
design  of  the  coupler.  In  order  to  transmit  the  800  kW  RF 
power  we  have  chosen  a  disk-type  ceramic  for  the  coupler 
window.  The  rational  for  this  choice  is  described  in  the  next 
section. 

Other  mechanical  structures  of  the  coupler  are  decided  by 
boundary  conditions  of  the  coupler:  (1)  RF  power  is  fed  from 
a  klystron  through  the  WR1500  rectangular  waveguide;  (2) 
the  coupler  couples  with  the  cavity  by  a  loop  (magnetic) 
coupling  which  connects  with  the  WX77D  coaxial  waveguide. 

The  coupler  has  several  transitions  which  transmits  the 
RF  power  from  the  rectangular  waveguide  to  the  coaxial 
waveguide  with  a  minimum  reflection  of  the  RF  power.  Each 
transition  part  is  designed  so  that  their  VSWR  is  less  than  1.05 
and  that  of  the  coupler  assembled  with  the  transitions  amounts 
to  less  than  1.1  around  the  RF  frequency  of  508.8  MHz. 

Experience  obtained  with  the  output  couplers  of  the  UHF 
klystrons  for  TRISTAN  was  fully  taken  into  account  in  order 
to  design  the  present  coupler.  The  first  design  for  the  RF 
structure  has  been  finished  by  using  a  computer  simulation 
called  "High  frequency  structure  simulator”  (HFSS)  [2].  The 
fabrication  of  the  high-power  model  of  the  coupler  is  in 
progress.  The  RF  properties  of  the  coupler  will  be  measured 
by  a  low-power  model  so  as  to  confirm  the  simulated  results. 

IL  CHOICE  OF  WINDOW  STRUCTURE 

In  the  coupler  many  troubles  are  related  to  the  multipactor 
on  the  window.  Several  experiments  and  considerations  of  the 
ceramic  window  in  couplers  suggest  the  following  [3,4]:  the 
uniformity  of  the  electric  field  distribution  around  the  window 
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is  very  important  in  order  to  prevent  the  local  heating  of  the 
ceramic  induced  by  the  multipactor;  the  multipactor  induced 
by  the  electric  field  that  is  perpendicular  to  the  window  causes 
the  damage  on  the  surface,  while  the  multipactor  induced  by 
the  parallel  field  causes  no  serious  problem. 

Two  types  of  ceramic  window  are  in  use  for  the  coupler 
in  the  KEK  at  UHF  band:  a  cylindrical  ceramic  window  and  a 
disk-type  ceramic  window.  The  former  is  used  in  the  input 
couplers  for  both  of  the  alternating  periodic  structure  (APS) 
cavity  of  the  TRISTAN  ring  and  the  single-cell  cavity  of  the 
PF  ring.  It  was  tested  up  to  300  kW  (CW)  RF-power  [5].  The 
latter  is  adopted  in  the  following  couplers:  the  output  coupler 
of  the  UHF  klystron  in  the  TRISTAN,  which  transmits  1.2 
MW  (CW)  RF-power  [3];  the  input  coupler  of  the  super 
conducting  cavity  (SCC)  of  the  TRISTAN  [6];  the  input 
coupler  of  the  high-power  models  of  the  RFQ  [7]  linac  and 
DTL  [8,9]  for  the  Japanese  Hadron  Project  (JHP). 

Since  the  result  of  the  klystron  output  coupler  is  sufficient 
for  our  target  value  which  is  RF  power  800  kW  (CW),  we 
chose  the  disk-type  ceramic  as  the  window  of  the  coupler. 

The  disk-type  ceramic  window  is  located  in  the  coaxial 
waveguide.  The  waveguide  near  the  window  requires  an 
impedance  matching  section  in  order  to  compensate  for  the 
permittivity  of  ceramic.  One  of  the  typical  matching  section  is 
a  choke  structure.  The  output  coupler  of  the  klystron  and  the 
SCC  input  coupler  have  this  structure.  Another  structure  for 
the  matching  section  is  a  combination  of  the  undercut  and 
overcut  (under/over-cut)  type.  This  structure  is  in  use  for  the 
couplers  of  the  RFQ  and  DTL  for  the  JHP. 

We  designed  the  two  types  of  coupler.  One  has  the  choke 
structure  and  the  other  has  the  under/over-cut  structure.  The 
final  decision  for  the  impedance  matching  structure  of  the 
window  will  be  done  by  comparing  the  results  of  the  high- 
power  test  with  two  types  of  couplers. 

III.  DESIGN 

The  coupler  is  composed  of  three  transition  sections:  (1) 
the  door-knob  transition  between  the  WX152D  coaxial 
waveguide  and  the  WR1500  rectangular  waveguide;  (2)  the 
disk-type  ceramic  window  in  the  WX152D  waveguide;  (3)  the 
transformer  between  the  coaxial  waveguide  of  the  WX77D 
andthatoftheWX152D. 

The  door-knob  transition  has  a  capacitive  iris  so  that  the 
size  of  the  door-knob  becomes  smaller  than  that  without  the 
iris.  The  diameter  and  the  height  of  the  door-knob  are  340  mm 
and  123  mm,  respectively.  The  height  of  the  iris  is  46.4  mm. 
The  schematic  view  of  the  door-knob  transition  is  shown  in 
the  Fig.  1.  The  simulated  VSWR  is  shown  in  Fig.  2. 
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Figure  2:  Calculated  VSWR  for  the  door-knob  transition. 


the  x-ray  and  charged  particles  made  by  collision  between  the 
beam  and  residual  gases  and  to  avoid  the  adsorption  of  Cu 
sputtered  from  the  cavity  wall.  The  shield  should  certainly 
increase  the  reliability  of  the  coupler. 

VSWR  of  the  transitions  for  the  window  is  plotted  in  the 
Fig.  5.  Figure  6  shows  the  radial  dependence  of  the  electric 
field  strength  1  mm  away  from  the  window  surface  for  both 
the  structures.  The  value  is  normalized  by  the  field  strength  on 
the  surface  of  the  inner  cylinder  of  the  WX152D  coaxial 
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The  choke  and  the  under/over-cut  structures  of  the 
window  are  respectively  shown  in  the  Fig.  3  and  4.  The  inside 
and  the  outside  diameter  of  the  ceramic  window  are  166  mm 
and  38  mm,  respectively.  The  thickness  of  the  window  is  10 
mm. 
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Figure  3:  Schematic  view  of  the  choke  window  structure. 
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Figure  5:  Calculated  VSWR  of  the  windows. 
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Figure  6:  Calculated  the  electric  field  strength  on  the 
windows. 


Figure  4:  Under/over-cut  window  structure. 

Both  figures  include  the  transition  from  the  WX152D 
coaxial  waveguide  to  the  WX77D  coaxial  waveguide.  The 
bumps  located  at  the  transition  shield  the  window  from  a 
beam  and  a  cavity  in  order  to  reduce  the  direct  irradiation  of 


This  plot  shows:(l)  the  field  strength  of  the  under/over¬ 
cut  structure  is  more  uniform  than  that  of  the  choke 
structure;(2)  the  field  strength  of  the  choke  structure  near  the 
inner  triple  junction  of  the  window  is  about  30  %  lower  than 
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that  of  the  under/over-cut  structure.  The  simulation  shows  that 
the  direction  of  the  electric  fields  almost  parallel  to  the 
window  for  the  under/over-cut  structure,  while  for  the  choke 
structure  the  field  concentrates  and  the  field  direction  is 
perpendicular  to  the  window  near  the  tip  of  the  choke. 

The  low-power  model  of  the  coupler  with  the  under/over¬ 
cut  structure  has  been  developed.  The  model  has  no  loop 
coupler  but  matched  terminator  at  the  end  of  the  coaxial 
waveguide.  The  measured  VSWR  of  the  model  is  shown  in 
Fig.  7  by  white  circles.  The  data  are  consistent  with  the  result 
of  the  simulation  shown  in  the  figure  by  black  circles.  The 
model  with  the  choke  structure  will  be  also  measured  in  order 
to  confirm  the  RF  properties.  The  simulated  VSWR  for  the 
model  with  the  choke  structure  is  shown  in  the  Fig.  7  by  white 
squires. 


fiequency  MRz 
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Figure  7:  VSWR  of  the  couplers 


IV.  CONCLUSION 

We  have  designed  the  input  coupler  for  the  normal 
conducting  RF  cavity  of  the  KEK  B-factory  (KEKB).  The 
input  coupler  has  the  disk-type  ceramic  window  in  the  coaxial 
waveguide.  We  designed  two  different  types  of  window 
structure;  one  is  a  choke  structure  and  the  other  is  a  under-  and 
over-cut  structure.  The  fabrication  of  the  high-power  models 
of  both  types  are  underway  in  order  to  test  their  performance 
at  an  RF  power  up  to  800  kW(CW).  The  VSWR  of  the  low- 
power  model  of  the  coupler  with  the  under-  and  over-cut 
structure  has  been  measured.  The  data  are  consistent  with  the 
result  of  the  simulation. 
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Abstract 

We  use  an  equivalent  circuit  to  model  a  waveguide  damped  cav¬ 
ity.  Both  exponentially  damped  andpersistent[l]  (decay 
components  of  the  wakefield  are  derived  from  this  model.  The 
result  shows  that  for  a  cavity  with  resonant  frequency  a  fixed 
interval  above  waveguide  cutoff,  the  persistent  wakefield  am¬ 
plitude  is  inversely  proportional  to  the  external  Q  value  of  the 
damped  mode.  The  competition  of  the  two  terms  results  in  an  op¬ 
timal  Q  value,  which  gives  a  minimum  wakefield  as  a  function  of 
the  distance  behind  the  source  particle.  The  minimum  wakefield 
increases  when  the  resonant  frequency  approaches  the  waveg¬ 
uide  cutoff.  The  results  agree  very  well  with  computer  simula¬ 
tion  on  a  real  cavity- waveguide  system. 


L  Introduction 


while  L  and  C  are  inductance  and  capacitance  per  unit  length, 
respectively,  Lg  is  inductance  times  unit  length. 

A.  Transmission  Line  with  Shunt  Inductance 

The  differential  equations  of  the  transmission  line  with  shunt 
inductance  are 


dV 

-^'4- 

and 

(1) 

dx 

d^i 

dt 

V 

(2) 

dxdt 

dt^ 

L/ 

Combining  Eqs.  1  with  2,  we  obtain  a  single  equation 


LC 


d^v 

dt^ 


d^V 

dx^ 


Lg 


(3) 


Waveguide  damping  as  a  means  to  limit  beam  emittance 
growth  due  to  the  long  range  wakefield  has  received  extensive 
study.  The  effectiveness  of  this  procedure  has  typically  been 
assessed  by  evaluating  the  resultant  Q^xt  of  higher  order  cav¬ 
ity  modes,  thereby  determining  their  exponential  damping  rate. 
Kroll  and  Lin[  1  ]  have  pointed  out  another  type  of  wakefield  (per¬ 
sistent  wakefield)  associated  with  waveguide  damping,  which 
decays  as 

We  use  an  equivalent  circuit  model  of  a  single  mode  cavity 
with  waveguide  damping  to  obtain  an  expression  for  the  ampli¬ 
tude  coefficient  of  the  persistent  term  relative  to  that  of  the  ex¬ 
ponentially  damped  term.  This  expression  is  proportional  to  ^ 
with  a  coefficient  which  depends  only  upon  the  resonant  and  cut¬ 
off  frequencies.  It  shows  that  the  total  wakefield  at  a  fixed  time 
delay  is  minimized  by  an  optimum  rather  that  minimum  Q  value. 

IL  Circuit  Model 


involving  V  only. 

For  a  periodic  (e~^^^)  field,  the  solutions  are  ^  ,  with 

k  =  From  Eq.  1,  the  voltage  and  current  of 

the  transmission  line  mode  must  be  related  by 


where  the  ±  sign  depends  on  the  direction  of  the  propagating 
waves:  plus  for  positive  x  direction,  negative  for  the  other,  and 


B.  Resonator  with  Transmission  Line  Loading 

The  differential  equation  of  the  voltage  Vi  and  current  Ii  of 
the  cavity  follows  the  familiar  equations  of  capacitance  and  in¬ 
ductance: 


The  circuit  model  is  shown  in  Fig.  1.  Li  and  C\  form  a  loss- 


II  VI  I  L 


Figure.  1.  Thick  line  represents  a  transmission  line.  L,  (7,  L, 
are  understood  as  distributed  quantities. 

less  resonant  circuit  to  mimic  the  cavity.  The  transmission  line 
with  shunt  inductance  L,  mimics  the  waveguide.  We  note  that 

*Work  supported  by  U.S.  Department  of  Energy  grant  DE-FG03-93ER40759 
and  contract  DE-AC03>76SF005 1 5 


dVr{t) 

dt 


=  and 

,  dh{t) 


(5) 

(6) 


where  q  is  the  charge  on  the  capacitor  Ci. 

The  circuit  is  set  up  to  have  initial  conditions  Vi  (i  =  0)  = 
and  /i(/  =  0)  =  0.  Vi  is  regarded  as  the  longitudinal  wakefield 
and  1 1  as  (proportional  to)  the  transverse  wakefield  of  the  cavity. 

Multiplying  Eqs.  5  and  6  by  integrating  from  i  =  Q  to 
i  oo,  and  taking  the  initial  conditions  explicitly  into  account, 
we  find 


h  =i  +  Ci  /“  =  i-CiVo-  iuCi  Fi 

^  ^  -  Civo  -  iu)CiVi  (7) 

Vi  =Liiw/i, 
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where^ symbolizes  the  Fourier  transform.  We  also  used  the  result 
from  the  previous  section  in  writing  7  as  ^  on  the  second  line 
of  Eq.  7.  Solving  for  Vi,  we  find 


14 


0 


(—?  +  i 


R  ixj 

Z  Wo 


1’ 


(8) 


where  Wo  =  is  thenatural  resonant  frequency  of  the  cav- 

V-LiOl 

ity  and  R  =  is  the  characteristic  impedance  of  the  cavity 
resonant  mode. 

The  Fourier  transform  of  the  transverse  wakefield  {V±)  is 
given  by 


where  f  = 

It  is  clear  from  the  above  expression  that  the  persistent  wake 
amplitude  is  proportional  to  which  means  that  a  stronger 
damping  produces  a  larger  persistent  wake.  It  also  points  out  that 
as  the  resonant  frequency  gets  closer  to  the  waveguide  cut-off, 
the  persistent  wake  is  enhanced. 

Eq.  12  also  tells  us  the  best  waveguide  damping  can  do  at  a 
certain  distance  f  behind  the  source  particle.  A  typical  value  for 
NEC  is  =  40  *  TT,  i.e.  20  wave  lengths  away. 

If  we  ignore  the  oscillating  factor  sin,  cos,  the  sign  and  take 

!  ^  ^  «  1  in  Eq.  12,  it  is  a  good  approximation  to  regard  the 
V 

sum  as  the  maxima  of  the  oscillating  amplitude  of  V±,  Thus  the 
wakefield  can  be  written  as 


(9) 


where  C  is  a  real  geometric  factor  (with  dimension  of  impedance) 
related  to  the  shape  of  the  structure  and  not  given  by  our  model. 


C.  Transverse  Wakefield 
The  transverse  wakefield  in  the  time  domain 

V^{t)  =  t4e-‘^‘dw  (10) 

is  obtained  from  the  inverse  Fourier  transform.  The  integrand 
has  two  branch  points  from  the  definition  of  Z  (Eq.  4).  We 
choose  the  branch  and  integration  contour  shown  in  Fig.  2  [2]. 
The  integration  is  naturally  divided  into  two  terms:  one  from  the 
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Re^ 

1 

1 

1 
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I 

1 
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Figure.  2.  Contour  for  Calculating  VI 


b 


with 

/2 


We  plot  6  as  a  function  of  ^  in  Fig.  3. 


(13) 


pole  contribution ,  the  other  from  the  branch  cut  integral. 

When  ^  1,  i  e.  the  damping  term  is  small,  the  pole  of 

the  expression  Vx  is  very  close  to  ljq  .  For  the  purpose  of  calcu¬ 
lating  the  pole  and  evaluating  the  residue,  Z {u)  can  be  taken  as 
Z{u}o)^  Then  the  poles  satisfy 

~4^~  2Q’ 


At  a  given  the  minimum  wakefield  occurs  if 

J_  _  I  log  log  6 
2Q  f  ’  ^ 

i.e.  decreasing  Q  beyond  this  value  increases  the  wakefield  at 
The  optimum  Q  as  a  function  of  f  is  plotted  in  Fig.  4. 

Substituting  Eq.  14  into  Eq.  13,  The  value  of  the  minimum 
wakefield  at  f 


where  Q  =  • 

The  branch  cut  integral  (persistent  wakefield)  is  evaluated 
with  Eq.  2  and  4  in  [1].  When  f  1.  The  total  wakefield  is 


-1 


VTrri- 


4Q2 


1  \  ^  \  1  1 
(1  -  Q  ^ 


(12) 


wf"  =  +  b  -  2blogb).  (15) 

is  obtained.  Fig.  5  displays  the  minimum  wakefield  as  a  function 
of  f  for  a  few  values  of  b. 

III.  Numerical  Comparison 

We  have  made  a  few  MAFIA  simulations  on  the  geometry 
shown  in  Fig.  6.  It  is  a  2-D  structure  with  the  beam  passing  in  the 
Z  direction.  Taking  the  symmetry  into  account,  only  a  quarter  of 
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Figure.  4.  The  horizontal  axis  is  f  =  Uct,  and  the  vertical  is  the 
optimum  Q  value 


Figure.  6.  Waveguide  damped  cavity.  The  big  dot  represents  the 
beam  passing  in  Z  direction. 


Figure.  5.  The  horizontal  axis  is  =  u)ct>  The  vertical  axis  is 
the  minimum  wakefield  achieved  as  a  ratio  to  the  wakefield  at 

r  =  o 


the  structure  with  the  electric  boundary  condition  on  the  Y  axis 
and  the  magnetic  boundary  on  the  X  axis  has  been  shown.  We 
have  calculated  the  persistent  wake  amplitude  and  the  damped 
wake  amplitude  from  the  time  domain  beam  excitation.  The  ra¬ 
tio  of  the  persistent  wake  amplitude  to  the  damped  wake  ampli¬ 
tude  from  the  actual  cavity  waveguide  system  is  compared  with 
the  prediction  of  Eq.  12  in  Table  I. 

Four  cases  were  run,  one  with  w  =  0.25,  t  —  0.05.  The  sec¬ 
ond  case  has  w  =  0.25  and  i  =  0.25.  The  third  is  the  same  as 
the  second  except  that  the  waveguide  is  1.1  times  larger  (other 
dimensions  do  not  scale  with  the  waveguide  width.).  The  fourth 
one  has  the  same  parameters  as  the  second  except  w  =  0.35. 

The  circuit  model  and  the  MAFIA  results  agree  very  well  con¬ 
sidering  how  simple  the  circuit  model  is.  The  circuit  model  can 
be  expected  to  hold  only  when  a  single  decaying  mode  dominates 
the  spectrum  near  the  waveguide  cutoff.  The  discrepancy  at  high 
Q  value  is  attributed  to  inadequate  satisfaction  of  this  condition. 


MAFIA  result 

Theory 

Case 

Q  =  3.94,  ff-  =  0.776 

2.17 

2.19 

1 

Q  =  6.72,  ff-  =  0.776 

1.17 

1.28 

2 

Q  =  7.34,  ^  =  0.705 

0.587 

0.659 

3 

Q  =  12.0,  ^  =  0.731 

0.351 

0.503 

4 

Table  I 

The  ratio  of  the  persistent  wake  amplitude  to  the  damped  wake 
amplitude  is  compared  between  MAFIA  simulation  and  the 
circuit  model. 


IV.  Cavity  and  Waveguide  Detuning 

For  a  single  damped  cavity,  Eq.  15  presents  the  limit  of  the 
transverse  wakefield.  In  the  case  of  a  multi-cell  structure,  the 
wakefield  can  be  further  reduced  by  detuning  in  analogy  with 
dipole  mode  detuning. 

In  an  optimally  damped  system,  the  dipole  frequency  (cjq  )  and 
the  waveguide  cut-off  are  detuned  in  proportion  in  each  cell  in 
a  Gaussian  profile  to  produce  the  fastest  and  the  most  persistent 
fall  off.  In  a  cell  structure,  detuning  usually  results  in  a  wake¬ 
field  which  is  of  that  of  a  single  cell. 

Taking  a  100-cell  structure  for  example,  with  f  =  407r  and 
^  the  minimum  wakefield  of  a  single  cell  is  6.0  x  10“"^ 
times  that  of  an  undamped  cavity.  With  detuning,  the  final  wake¬ 
field  is  down  to  a  few  parts  in  a  million. 
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Abstract 

The  storage  ring  of  the  Pohang  Light  Source(PLS)  is 
designed  to  store  100s  mA  of  2  GeV  electrons  injected  from  the 
fiill  energy  linear  accelerator.  To  compensate  for  the  synchrotron 
radiation  loss  three  RF  cavities  were  installed  in  one  of  the 
straight  sections  powered  by  three  60  kW-TV  transmitters  inde¬ 
pendently.  Phase  and  amplitude  are  controlled  by  the  separate 
low  level  systems.  During  the  commissioning,  since  the  beam 
lifetime  is  limited  by  the  vacuum  pressure,  various  accelerating 
voltages  were  set  to  investigate  the  system  characteristics.  Even 
one  cavity  is  enough  to  store  100  mA  of  beam,  whereas  the 
vacuum-limited  lifetime  is  few  minutes  at  1  mTorr.  The  cavity 
HOM-induced  multi-bunch  instabilities  were  observed  at  certain 
condition  and  cured  to  some  extent  by  shifting  phase  and  water 
temperature. 

General  description  of  RF  system  performance  and  trouble¬ 
shoots  during  the  commissioning  are  presented. 

1. INTRODUCTION 

The  RF  system  of  the  storage  ring  of  the  PLS  has  three 
cavities  to  store  few  hundreds  mA  of  2  GeV  electron  beam,  which 


are  powered  by  three  klystron  amplifiers.  During  the  first  phase 
of  the  commissioning  one  or  two  cavities  were  mostly  used 
storing  up  to  200  mA  with  800  kV  of  the  total  gap  voltage.  In  the 
final  week  of  the  commissioning  three  cavities  were  powered 
with  1200  kV  of  the  total  gap  voltage  storing  300  mA  of  electron 
beam[l].  Since  1992,  a  prototype  RF  system  has  been  installed 
and  tested  in  the  high  power  RF  test  facility  .  The  cavity  was 
manufactured  by  Toshiba  following  the  design  of  the  upgraded 
Photon  Factory’s.  A  set  of  RF  station  includes  the  Daresbury- 
made  low  level  system.  Low  and  high  power  tests  of  the  cavity, 
circulator  and  klystron  amplifier  were  performed  with  this  pro¬ 
totype  low  level  system.  After  testing  a  prototype  RF  system,  a 
few  modifications  and  enhancements  were  made  for  the  storage 
ring  RF  system.  A  schematic  layout  of  a  station  of  the  PLS  RF 
system  is  shown  in  Fig.  1. 

From  early  1994,  RF  system  began  to  be  installed  in  the 
storage  ring  tunnel  posting  cavities  and  vacuum  chambers. 
Baking  and  conditionning  were  performed  after  installation  in 
August  1994  and  the  commissioning  of  the  storage  ring  began  in 
September.  Total  RF  power  of  180  kW  can  provide  enough 
power  to  store  300  mA  at  1 .2  MV  of  accelerating  voltage.  By  the 
end  of  1995  one  more  station  will  be  installed  and  the  total  RF 
power  will  increase  to  240  kW,  which  will  store  200  mA  of 
electron  beam  for  the  planned  2.5  GeV  ramping  experiment. 


Klystroa. 
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Table  1  shows  the  present  status  of  the  PLS  RF  system  installa¬ 
tion. 


Table  1.  Current  status  of  the  PLS  RF  system 


Klystron  Amp. 
Transmission  Line 
Number  of  Cavity 
Shunt  Impedance 
Unloaded  Q 
Coupling  Coeff. 
Accelerating  Volt 


Three  cw-60  kW 
6  1/8”  coaxial  line 
Three 
>8  MW 
>35,000 
1.8 

400  kV/cavity 


2.PLS  RF  SYSTEM  ARRANGEMENTS 


constant  impedance  hybrid-type  phase  shifter  for  precise  phase 
control  with  linearizer,  and  more  redundant  safety  interlock 
control  circuit,  etc.  The  development  of  the  precision  oscillator 
and  fast  feedback  loop  are  undertaken. 

The  VME  system  was  adopted  for  the  data  acquisition  and 
hardware  control  for  the  PLS  storage  ring.  The  UNIX-based 
control  software  which  has  the  graphical  user  interface  has  been 
developed.  All  the  RF  components  can  be  controlled  and  the 
system  operation  can  be  monitored  remotely  from  the  main 
control  room. 

The  high  power  system  and  the  cavities  were  cooled  by  the 
25  degrees  in  Celcius  low-conductivity-water(LCW).  The  cavity 
cooling  temperature  is  regulated  within  0. 1  degree  and  able  to  be 
varied  in  5  degree  range  independently.  This  is  useful  to  shift  the 
HOM  frequencies 


A  RF  station  consists  of  one  klystron  amplifier,  a  circulator, 
a  coaxial  switch  and  a  cavity  connected  by  6  1/8”  coaxial 
transmission  line. 

The  klystron  amplifier  is  the  60  kW  continuous  wave(cw) 
TV  transmitter  manufactured  by  HARRIS.  The  driver  input 
signal  is  set  to  13  dBmmaximum  and  the  total  gain  is  over  70  dB. 
The  nominal  beam  voltage  is  24  kV  and  the  collect  current  is  5.8 
A.  For  safety  reason  some  important  interlock  loops  are  con¬ 
nected  to  the  high  voltage  switch  directly  to  shut  it  down  as  an 
emergency  occurs. 

The  high  power  circulator  was  purchased  with  coaxial 
ports.  The  temperature  control  unit  is  provided  for  the  good  RF 
performance  since  the  ferrite  saturation  magnetization  is  tem¬ 
perature  dependent.  The  circulator  provides  a  good  isolation  of 
the  reflected  power  from  the  cavity  to  the  klystron  amplifier.  The 
coaxial  switch  was  installed  after  circulator  to  achieve  a  flexible 
operation  and  perform  an  independent  test  of  the  power  system 
by  simply  selecting  switch  between  the  cavity  and  the  water  load. 

The  total  length  of  the  transmission  line  from  the  klystron 
amplifier  to  the  cavity  is  less  than  15  meter  and  the  attenuation 
should  be  less  than  0.5  dB.  The  measured  attenuation  is  0. 13  dB. 

The  nose-cone  type  single  cell  cavities  are  installed  and 
show  good  electrical  and  mechanical  performance  up  to  70  kW 
of  cw  power.  The  cylindrical-shape  ceramic  window  is  used  for 
the  input  coupler,  which  has  a  transition  from  WR- 1 500 waveguide 
to  the  coaxial  structure.  A  disk-type  window  is  currently  being 
developed.  The  cavity  HOM(higher  order  modes)  suppressor  is 
just  a  dummy  block  of  which  length  can  shift  the  dangerous 
frequencies  if  it  is  determined  properly. 

The  impedance  measurement  stand  was  set  up  to  assess  the 
beam  effect  of  the  various  vacuum  components.  The  longitudinal 
impedance  budget  of  the  PLS  storage  ring  is  2  Q  and  the 
measurements  were  carried  out  in  the  frequency  domain  using 
the  synthetic  pulse  technique[2].  The  analysis  of  the  measured 
data  is  underway  and  the  total  impedance  seems  to  be  within  the 
budget.  The  ring  impedance  measurement  is  planned  to  be 
performed  near  future. 

The  low  level  system  was  improved  from  the  Daresbury- 
designed  prototype:  change  the  local  oscillator  to  the  PLL 
synthesizer  for  flexible  variation  of  the  IF  frequencies,  use 


3.0PERATIONAL  CHARACTERISTICS 


In  the  beginning  of  the  storage  ring  commissioning,  single 
RF  station  was  operated  to  make  the  problems  usually  confronted 
in  the  early  phase  simple.  As  the  stored  current  increased,  one 
more  station  was  added.  At  the  final  week  in  1994,  three  stations 
were  fully  operated  to  store  300  mA  with  1.2  MV  of  the 
accelerating  voltage. 

Figure  2  shows  the  accelerating  voltage  and  cavity  input 
power  of  a  cavity  as  a  function  of  the  amount  of  the  stored  current. 
Since  the  beam  loading  compensation  was  being  worked,  the 
accelerating  voltage  was  kept  constant  as  the  input  RF  power 
increased  gradually.  For  400  kV  of  the  accelerating  voltage  per 
cavity,  20  kW  is  required  for  cavity  dissipation  and  22  kW  more 
is  required  for  beam  loading  per  each  100  mA  increment  of  the 
stored  current.  Therefore  for  400  kV  of  the  accelerating  voltage 
per  cavity,  three  cavities  can  hold  500  mA  of  electron  bunches. 
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Figure  2.  Beam  current  determines  the  gap  voltage 
and  the  input  RF  power  (Beam  Loading  Compensation). 
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Figure  3  shows  the  available  operating  regime  with  given 
RF  power  as  the  accelerating  voltage  and  the  beam  energy 
change.  RF  acceptance  is  normally  calculated  as  a  function  of  the 
RF  voltage.  The  calculation  showed  that  2.0%  of  the  bucket 
height  and  1 00  hrs  of  the  Touscheck  lifetime  would  be  achievable 
with  1.2  MV  of  the  accelerating  voltage.  Since  the  lifetime  at 
present  state  is  governed  by  the  vacuum  pressure,  more  photon 
conditionning  is  required  to  take  advantage  of  the  higher  accel¬ 
erating  voltage. 

The  signal  for  the  low  level  feedback  loop  was  picked  up 
from  the  cavity  input  port.  In  this  way  the  beam  effect  on  the 
control  loop  could  be  minimized.  However,  the  beam  loading 
compensation  should  be  done  in  other  way.  A  pickup  signal  from 
the  cavity  monitor  port  is  used  as  the  reference  signal  for 
regulating  the  accelerating  voltage  assuming  that  the  same  accel¬ 
erating  voltage  always  couples  same  amount  of  signal  amplitude 
to  the  monitor  probe.  Since  processing  of  data  for  this  method  is 
little  slow,  for  fast  injection  it’s  hard  to  follow  the  beam  current 
increments  for  beam  loading  compensation.  Another  method 
will  be  tested,  in  which  the  DCCT  current  signal  becomes  the 
reference  and  the  required  RF  power  for  the  beam  loading  is 
calculated  and  set  it  directly  through  the  automatic  gain 
control(AGC)  loop  in  the  low  level  system. 

The  phase  and  amplitude  of  the  cavity  input  power  were 
controlled  within  0. 1  degree  and  0.5%  of  variation,  respectively. 

Phase  between  stations  were  adjusted  by  balancing  the 
input  power  to  all  operating  stations  to  share  the  same  portion  of 
the  total  beam  loading. 

The  RF  straight  section  where  cavities  were  installed  has 
four  sputtered  ion  pumps  (800  1/min  total)  and  one  roughing 
system.  Four  flexband  bellows  and  two  transitions  and  gate 
valves  make  the  whole  system  assemly  easy.  The  vacuum  pres¬ 
sure  after  baking  and  conditionning  is  about  sub-nanoTorr  with¬ 
out  beams.  As  the  stored  current  increases,  the  pressure  in¬ 
creases,  too.  However,  since  the  dissipated  power  to  the  cavity  is 
kept  constant  though  RF  power  input  to  the  cavity  increases,  the 


Beam  Current(mA) 

Figure  3.  Operating  window  determined  by  the  beam  current, 
RF  power  and  the  accelerating  voltage. 


Figure  4.  Pressure  change  due  to 
the  photon-induced-  desorption(PID). 

increment  of  the  vacuum  pressure  comes  mainly  from  the  photon 
induced  desoiption.  Figure  4  shows  the  pressure  change  during 
the  variation  of  the  stored  current.  Some  vacuum  burst  followed 
by  high  reflection  occasionally  occurred  as  the  stored  beam  went 
on  instabilities. 

The  multi-bunch  instabilities  occurred  non-systematically 
during  the  beam  storage,  causing  to  limit  the  upper  bound  of  the 
total  stored  current  and/or  beam  loss.  Simply  changing  cavity 
resonant  frequency  little  by  changing  tunning  angle  allows  us  to 
identify  which  cavity  are  causing  instabUities.  Changing  the 
temperature  of  the  cooling  water  cures  instabilities  to  some  extent 
in  most  cases. 

4.FUTURE  PLAN 

One  more  station  will  be  added  by  the  end  of  1 995 .  Total  RF 
power  becomes  240 kW  which  allows  operations  with  higher  RF 
voltage,  meaning  larger  acceptances  and  longer  lifetime. 

A  systematic  study  on  the  multibunch  instabilities  will  be 
performed.  Method  like  the  RF  knockout  is  considered  to  iden¬ 
tify  the  seed  frequencies  causing  instabilities. 

Thorough  measurements  of  the  chamber  impedances  and 
ring  impedance  are  underway.  The  analysis  of  the  measured  data 
will  be  presented  elsewhere.  Some  calculations  using  computer 
codes  will  be  done  to  clarify  the  obscurity  of  the  measurements. 

The  low  level  and  control  system  will  be  improved  and 
upgraded  for  more  stable  and  reliable  operation  in  preparation  of 
the  normal  operation  phase  for  the  synchrotron  radiation  users. 
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I.  INTRODUCTION 

The  acoustic  effects  in  metal  constructions  of 
accelerator  electrodynamics  structures  permit  to  realize  the 
undisturbing  methods  for  determining  of  the  electrodynamics 
characteristics  of  structures  at  nominal  work  conditions  (at 
high  RF-power  level,  for  real  temperature  and  vacuum 
distributions,  with  intense  beam).  These  effects  are  registered 
reliably  by  acoustic  pickups  installed  on  external  surfaces  of 
structures. 

IL  MECHANISMS  OF  ULTRASOUND 
EXCITATION  IN  METAL  WALLS  OF 
ELECTRODYNAMICS  STRUCTURES  (ES). 

Three  main  mechanisms  of  ultrasound  excitation 
can  be  distinguished  here:  the  ponderomotive  mechanism 
[1],  the  thermoelastic  mechanism  by  field  [2]  and  the 
thermoelastic  mechanism  by  electrons. 

Thermoelastic  mechanism  of  ultrasound  excitation 
by  field  is  caused  by  dissipation  of  energy  of  electromagnetic 
field  penetrating  in  metal.  Non  stationary  temperature 
distribution  in  pulse  RF-field  generates  the  stress  wave 

traveling  deep  into  metal.  The  stress  wave  amplitude  can 

be  estimated  by  solving  the  boundary  problem  of  the 
thermoelasticity  [2]: 


l-H 


(1) 


where:  heat  capacity  Puasson  modules  |X  ,  linear  heat 

expending  factor  (X  and  sound  speed  . 

The  relative  contribution  of  ponderomotive 
mechanism  is  increasing  with  metal  conductivity  and 
decreasing  with  field  frequency. 

Thermoelastic  mechanism  of  ultrasound  excitation 
by  electrons  is  caused  by  RF-field  energy  take-off  by 
electrons  moving  in  vacuum,  where  their  free  path  length  is 
large  enough,  and  transfer  of  this  energy  to  surface  layer  of 
metal  as  a  result  of  structure  walls  electron  bombardment. 
Numerically  this  effect  can  be  estimated  by  relation  (1), 

where  instead  of  P  the  electron  power  density  must  be 
substituted: 

0-7803-3053-6/96/$5.00  ®1996  IEEE 
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P  =  - (e  -  arctgi)  (2) 

K 

where  W^-free  electron  density  in  vacuum  and 

£  =  {eE)  /  {infmc)  -  perpendicular  to  metal  surface 

RF-field  electrical  component  amplitude  E,  charge  and  mass 
of  electron  e  and  m ,  speed  of  light  c  . 

The  relation  (2)  represents  the  additional  to  surface 
currents  in  metal  walls  mechanism  of  RF-field  damping  in 
ES  -  loading  of  RF-field  by  free  electrons  in  vacuum.  Free 
electron  density  is  determined  by  RF-field  rest  gas  ionization 
in  structure  volume  and  electron  emission  processes  at 
surface  of  structure.  First  of  all  the  acoustic  effect  of  free 
electrons  has  been  found  in  experiments  at  gas  filled  and 
vacuum  sections  of  feeding  wave  guide  at  linear  accelerator- 
injector  of  Kurchatov  Synchrotron  Radiation  Source. 

System  of  distributed  along  structure  acoustic 
pickups  allows  to  determine  the  time  and  region  of  discharge 
origins  and  to  measure  the  intensity  distribution  of  emission 
processes  on  internal  surfaces  of  structure. 

III.  ACOUSTIC  LOCATION  OF  RF- 
BREAKDOWNS  IN  LINAC  ES  STRUCTURES 

The  RF-breakdown  acoustic  effect  in  metal  walls  of 
ES  is  caused  by  non  stationary  heat  evolution  in  breakdown 
region.  After  breakdown  initiation  the  acoustic  perturbation 
in  breakdown  region  propagates  along  whole  construction  of 
the  ES  and  can  be  registered  by  acoustic  monitors.  The 
propagation  time  of  acoustic  perturbation  front  determines 
the  distance  breakdown  region  from  monitor  position. 

Characteristic  for  KSRS  linac,  where  the  lengths  of 
accelerating  structure  and  RF-power  supply  waveguide  are 
much  greater  than  their  cross  section  dimensions,  the 
problem  of  breakdown  region  location  can  be  solved  by  use 
of  three  acoustic  monitors.  If  the  ES  is  longitudinally 
uniform,  the  signals  of  three  monitors,  distributed  along 
structure  with  known  positions,  define  all  three  unknowns: 
the  moment  and  region  of  breakdown  initiation,  the  speed  of 
perturbation  front.  It  is  important  to  note,  that  RF- 
breakdowns  can  excite  in  structure  walls  different  initial 
acoustic  perturbations,  which  can  propagate  along  the 
structure  with  different  group  speeds.  That  is  why,  the 
procedure  of  complete  self-consistent  calculations,  based  on 
signals  of  all  three  monitors,  is  necessary  for  location  of 
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every  concrete  RF-breakdown.  For  the  pulsed  RF  regimes  the 
problem  of  breakdown  location 

At  the  KSRS  linac  two  acoustic  monitors  are 
installed  at  the  edges  of  long  uniform  sections  of  monitored 
electrodynamics  structures.  The  third,  middle  monitor  is 
movable  and  can  be  displaced  into  breakdown  region  the 
accuracy  of  breakdown  location  1  cm  can  bee  achieved.  The 
RF-breakdown  monitoring  system  is  synchronized  by 
synchropulses  of  linac. 

The  acoustic  RF-breakdown  monitoring  system 
operational  regime  on  real  time,  is  illustrated  in  Fig.l. 


u 


300eMKS 


Figure  1  (a,  b,  c):  Signals  of  the  three  aoustic  pick-up  on  the 
accelerating  structure 


Every  digital  oscilloscope  screen  copy  represents 
here  the  signals  of  three  monitors  placed  in  the  beginning  of 
the  structure  (upper  curve),  in  the  middle  of  the  first  half  of 
the  structure  (middle  curve)  and  in  the  middle  of  the 
structure  (down  curve).  Signals  in  Fig.  la  are  the  stable 
response  of  the  acoustic  system  on  RF-pulses  in  accelerating 


structure  without  breakdowns.  Signals  in  Fig. lb  and  Fig.lc 
locate  the  breakdowns,  accordingly,  in  the  beginning  of  the 
structure  (0,4  m  away  from  the  edge)  and  near  to  the  RF- 
power  input  in  the  middle  of  the  structure. 

IV.  EXPERIMENTAL  STUDIES  OF  DISK-AND- 
WASHER  (DAW)  ACCELERATING 
STRUCTURE  UNDER  HIGH  RF-POWER 
OPERATING  CONDITIONS 

Electrodynamics  characteristics  of  accelerating 
structures  under  high  RF-power  operating  conditions  can 
essentially  differ  from  those,  which  are  experimentally 
investigated  and  tested  at  low  RF-power  levels,  because  of 
real  temperature  and  vacuum  non  uniform  distributions, 
electron  emission,  residual  gas  ionization,  low  energy 
particle  flows  and  dark  currents.  Acoustic  monitors  installed 
at  external  surfaces  of  accelerating  structure  provide  the 
detailed  information  on  RF-field  and  physical  processes 
inside  the  closed  volume  of  accelerating  structure. 

One  of  the  vital  problems,  which  must  be  solved  in 
acoustic  study  of  structure,  is  the  problem  of  local 
measurements.  It  is  necessary  to  measure  the  intensity  of 
ultrasound,  excited  in  structure  metal  wall  only  in  the 
vicinity  of  the  external  acoustic  monitor  position.  Local 
measurements  allow  to  investigate  the  distributions  of 
acoustic  effects  along  the  internal  surfaces  of  structure  walls 
and,  hence,  the  distributions  of  RF-field,  electron  emission, 
low  energy  particle  flows  and  accelerated  particles  losses  in 
accelerating  structure. 

The  local  measurements  method,  based  on  the  fact, 
that  the  speed  of  sound  is  finite,  was  developed  and  used  for 
experimental  studies  of  electrodynamics  characteristics  of 
the  traveling  wave  accelerating  structure  with  slow  varied 
along  longitudinal  axis  geometry  at  high  RF-power  operating 
conditions. 

The  accelerating  structure  of  KSRS  linac  is  the 
standing  wave  DAW  6  m  long  structure  at  2,8  GHz  with  RF- 
power  input  in  the  middle.  The  only  control  coupling  loop  is 
installed  near  the  power  input. 

TheDAW  structures  containing  the  massive  disks 
determine  in  constructions  the  existence  of  the  acoustic 
oscillation  modes  corresponding  to  the  own  acoustic 
oscillations  of  disks.  In  some  specified  sense,  a  structure 
construction  can  be  considered  as  a  chain  of  coupled  high  Q 
identical  acoustic  oscillators.  A  short  pulse  acoustic 
excitation  of  any  disk  is  attenuated  on  propagation  along  a 
structure  strongly  because  of  resonant  energy  dissipation  by 
near-by  identical  disks. 

These  specific  strongly  attenuated  acoustic 
excitations  in  a  DAW  structure  construction  can  be  observed 
experimentally,  for  example,  after  short  puls  RF-breakdowns 
in  a  structure  (the  duration  of  an  RF-breakdown  is  limited  by 
the  duration  of  RF-pulses  in  structure).  The  typical  situation 
after  the  RF-breakdown  at  disks  is  shown  in  Fig. 2c.  The  first 
to  the  RF-power  input  acoustic  monitor  registers  the 
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breakdown  (down  curve).  This  breakdown  is  not  registered 
by  the  next  monitor  (middle  curve),  while  the  next  monitor  is 
0,8  m  distant  from  the  first  one  only.  The  signal  of  the  next 
monitor  is  reduced  in  comparison  with  the  situation  without 
breakdown  in  Fig.2a  because  of  RF-field  degradation  in 
structure.  At  the  same  time,  the  arbitrary  acoustic 
perturbations  excited  by  the  vibrator  at  external  surface  of 
the  structure  propagate  with  slow  attenuation  a  few  meters 
along  the  structure. 

The  existence  of  the  acoustic  modes  corresponding 
to  the  own  acoustic  oscillations  of  disks  in  DAW  structure 
constructions  allows  for  pulse  RF-field  regimes  to  formulate 
the  spectral  approach  to  the  local  acoustic  measurements  at 
structure:  in  spectrum  of  registered  short  pulse  acoustic 
excitation,  the  intensities  of  lines  at  the  own  acoustic 
frequencies  of  disks  are  determined  by  the  acoustic  effects  at 
a  few  disks  near  the  acoustic  monitor  position  only.  In 
addition,  the  proportions  of  these  lines  intensities  in  spectrum 
characterize  the  type  of  the  pulse  mechanical  stress  on  disks. 
Spectral  local  measurements  are  very  sensitive  and  noise 
protected. 

The  own  acoustic  disk  oscillations  in  a  separate  cell 
of  KSRS  linac  accelerating  structure  have  been  investigated 
at  the  stand.  The  cell  was  placed  in  permanent  external 
magnetic  field  with  magnitudes  up  to  0,2  T,  the  acoustic 
oscillations  were  excited  by  12  A  pulses  of  current  in  disk. 
Measurements  in  different  configurations  of  magnetic  field 
have  allowed  to  distinguish  a  few  and  electron  emission.  In 
this  case,  the  slope  of  the  straight  line  corresponding  to  the 
cold  structure  electrodynamics  characteristics  is  given  in 
Fig.2  by  two  successive  experimental  points  for  rapid  RF- 
power  level  increasing  in  structure. 


Figure  2:  Etependence  of  acoustic  spectrum  on  the  control 
coupling  loop  signal  squared. 

At  high  power  level,  the  heat  transfer,  ionization 
and  emission  processes  in  structure  are  reaching  the  steady 
state  and  the  acoustic  signal  is  reducing. 

In  Fig.3,  the  control  loop  signal  squared  and  the 
signal  of  acoustic  monitor  installed  1  m  distant  along  the 


structure  from  the  control  loop  are  presented  as  functions  of 
RF“field  frequency. 


F-Frez,  kHz 

Figure  3:  The  control  loop  signal  squared  and  the  signal  of 
acoustic  monitor. 

Experimental  data  are  normalized  in  Fig.3  to  own 
disk  frequencies  in  the  range  60-120  kHz. 

At  present  the  developed  spectral  method  of 
acoustic  local  measurements  is  used  at  KSRS  linac 
accelerating  structure.  In  the  Fig.2  is  shown  the  dependence 
of  the  acoustic  spectrum  98.8  kHz  line  intensity  on  the 
control  coupling  loop  signal  sguared.  The  sequence  of 
measurements  is  indicated  by  arrowed  lines,  the  time 
intervals  between  every  two  successive  measurements  is  less 
than  4  min.  In  the  operating  pulse  mode  with  pulse  duration 
8  mks  and  pulse  repetition  rate  1  Hz,  the  peak  ItF-power 
level  is  varied  in  the  range  up  to  7  MW. 

The  observed  hysteresis  in  Fig.2  can  be  explained,  if 
the  RF-field  amplitude  distribution  along  the  structure 
depends  on  the  RF-power  level  in  structure.  This  dependence 
may  be  caused  by  non  uniform  temperature  distributions  in 
structure  construction  elements  (60  %  of  RF-field  power  is 
dissipated  at  disks  installed  in  vacuum)  or  RF-field  loading 
by  free  electrons  maxima  at  resonance, 
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ABSTRACT 

We  describe  our  experience  of  using  MacNeal- 
Schwendler’s  finite  element  code  EM  AS®  [1]  to  design  a 
10  kW  ferrite-loaded  rectangular  waveguide  termination 
[2].  We  require  a  VSWR  of  <2:1  over  a  bandwidth  of  700 
MHz  to  3  GHz.  We  present  results  in  the  frequency 
domain  for  several  distributions  of  ferrite  tiles  in  the 
waveguide. 

L  INTRODUCTION 

High  power,  broad-bandwidth  waveguide  loads  are 
required  to  terminate  higher-order-mode(HOM)-damping 
waveguides  on  the  PEP-II  B  factory  RF  cavities  [3].  We 
use  MacNeal-Schwendler  Corporation’s  (MSC)  3D  finite 
element  code,  EMAS®  to  calculate  the  return  loss  and 
power  distribution  for  several  configurations  of  flat  ferrite 
tiles  against  the  walls  of  a  rectangular  waveguide.  MSCs 
XL®,  version  3B,  is  used  for  pre-  and  post  processing. 
Ferrite  was  chosen  for  its  ability  to  absorb  electromagnetic 
energy.  EMAS®  was  chosen  for  its  ability  to  model  lossy 
ferrite.  The  goal  is  to  distribute  the  power  over  the  tiles  to 
minimize  hot  spots  that  might  cause  outgassing  or 
breakage.  We  believe  that  a  power  loss  density  of  20 
watts/cm^  or  less  is  sufficient  but  attempt  to  achieve  10 
watts/cm^  or  less. 


Bandwidth 

700  MHz  -  3  GHz 

Waveguide  f^ 

600  MHz 

VSWR 

2:1 

Power 

10  kWatts 

Dimensions  (mm) 

25H  X  250W  X  500L 

Bakeable 

150°  C 

Ultra  High  Vacuum  Compatible 

TABLE  1:  Specifications 


IL  MODEL 

A.  Geometry,  Elements  and  Material 

Our  model  is  one  meter  long  with  the  ferrite 
distributed  in  the  last  500  mm.  Figure  1  shows  the 
waveguide  geometry  with  a  vertical  symmetry  plane  that 

♦This  work  was  supported  by  the  U.S.  Department  of  Energy,  under 
contract  No.  DE-AC03-76SF00098. 


Figure  1:  Waveguide  model  showing  the  symmetry  plane 
and  a  1-mm  thick  triangular  ferrite  wedge. 

halves  the  model  size  and  the  number  of  elements  and  grid 
points.  This  and  the  appropriate  boundary  conditions 
reduce  the  problem  size,  hard  disk  storage  requirements 
and  computation  time.  Space  constraints  in  the  storage 
ring  tunnel  require  the  actual  load’s  length  to  be  less  than 
500  mm.  The  model  is  longer  to  separate  the  ferrite  firom 
any  anomalous  fields  near  the  excitation  plane  at  the  open 
end  of  the  waveguide. 

All  waveguide  walls  are  considered  ideal  (i.e., 
lossless).  We  ran  simulations  for  several  ferrite 
thicknesses,  but  in  practice  found  substantial  cost  savings 
with  a  commercially  available  ferrite  that  is  25  mm  x  25 
mm  X  4  mm.  We  typically  use  two  linear  (hexa  or  tetra) 
elements  across  the  ferrite  thickness  such  that  a  4  mm 
thick  material  has  two  2-mm  thick  elements.  We  also 
examined  thicknesses  of  1,  2,  3  and  6  mm.  There  is  a 
single  layer  of  (vacuum)  elements  the  same  size  above  the 
ferrite.  The  remaining  volume  to  the  opposite  wall  is 
equally  divided  into  (typically)  four  layers.  To  maintain 
thinner  elements  across  the  waveguide  cross-section 
would  increase  the  number  of  elements  and  problem  size 
beyond  our  hard  disk  capacity  without  increasing 
accuracy. 

The  ferrite’s  frequency-dependent  complex 
permeability  ,  and  permittivity  [4],  are  used  and 
are  assumed  to  be  isotropic  (though  EMAS®  allows 
anisotropic  properties). 
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B.  Excitation 

The  loads,  while  broadband,  are  excited  at  distinct 
frequencies  and  power  levels.  The  power  in  each  mode 
depends  on  the  current  and  bunch  configuration  in  the 
storage  ring;  we  used  the  typical  values  shown  in  table  2, 
based  on  measured  cavity  mode  spectra  for  modes  below 
the  beam  pipe  cut-off  frequency. 


_ Total  Power _ 3450  Watts 

TABLE  2:  Excitation  Frequencies  and  Power 


We  assume  propagation  in  the  TEj^  mode  at  these 
frequencies  and  calculate  the  equivalent  H  fields  at  these 
power  levels  [5]  as: 

^  b  a 

=  Re[-  )dxdy\u, 

^00 

=  -E^ 

^  ^OX  ’ 

4  co|iio 

where  a  and  b  are  the  waveguide  height  and  width  and 


specifications,  however,  there  is  region  of  power  loss  >55 
watts/cm^ 

The  integrated  power  dissipated  in  the  ferrite 
elements  was  within  10%  of  the  excitation  (input)  power 
and  deemed  sufficiently  accurate.  The  desire  to  reduce 
high  power  concentrations  was  then  used  to  guide  design 
of  subsequent  models.  Some  return  loss  calculations  were 
compared  with  solutions  from  Hewlett-Packard's  HFSS® 
and  found  to  be  in  agreement. 


Figure  2:  Electric  field  contours,  in  volts/meter.  This 
shows  E-field  attenuation  toward  the  waveguide  end 
(upper  right).  Excitation  is  at  lower  left  and  at  714  MHz, 
TEio  mode. 


where  Zg  =  ^  and  Pg  =  (CO^jXoEo 

P^  b 


These  H-field  values  are  applied  (using  EMAS®  surface 
H-field  excitations)  in  a  sinusoidal  distribution  across  the 
waveguide  end.  Appropriate  boundary  conditions  are 
applied  and  we  use  EMAS®’s  AC  Analysis  solver  for  the 
general  solution.  Computation  time  is  on  the  order  of  a 
few  minutes  on  a  SPARC  20,  Model  51. 


III.  RESULTS 


Once  the  model  is  solved  we  plot  the  electric  and 
magnetic  fields,  power  loss  density  and  calculate  the  total 
power  loss  in  the  ferrite.  Figure  2  shows  electric  field 
contours  in  volts/meter  in  the  waveguide  when  the  model 
shown  in  figure  1  is  excited  at  714  MHz  and  1200  watts. 
Figure  3  shows  power  loss  density  in  watts/m^  in  the 
ferrite  of  figure  1.  The  return  loss  is  -17dB  and  within 


Figure  3:  Power  loss  density  in  watts/m^  in  ferrite  wedge 


of  figures  1  and  2. 

The  problem  with  achieving  an  even  distribution  of 
power  in  this  configuration  is  that  the  ferrite  is  such  a 
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good  absorber.  With  any  thickness  greater  than  1  mm,  the 
power  never  penetrates  sufficiently  along  the  load  to 
average  under  10  watts/cml 

Better  results  were  achieved  with  strips  as  shown  in 
Figure  4.  The  power  loss  density  exceeds  25  watts  /cm^  in 
a  relatively  small  region,  figure  5.  Return  loss  is  -17dB. 

It  should  be  noted  that  the  total  surface  area  in  this 
configuration  is  about  520  cm^  Therefore,  with  10  kwatts 
input  power  distributed  evenly  over  the  ferrite,  the  power 
loss  density  is  about  20  watts/cm^ 


Figure  4:  3  mm  thick  ferrite  strips  1/2”  and  1”  wide.  The 
symmetry  permits  modeling  half  the  termination. 


Figure  5:  Power  loss  density  exceeds  20  watts/cm^  in  a 
relatively  small  area.  Return  loss  =  -17dB. 


IV.  COMMENTS  ON  EMAS®/XL 


has  developed  this  and  similar  software  for  over  30  years 
and  the  code’s  capabilities  and  complexities  reflect  this. 
We  scarcely  scratched  the  surface  of  EMAS®  or  XL® 
capabilities;  e.g.,  in  addition  to  the  EMAS®  AC  Analysis 
module  we  used,  there  are  at  least  15  other  solvers  and 
many  attributes  we  didn’t  need  (or  perhaps  didn’t  know  we 
needed).  Though  it  was  difficult  in  the  beginning,  once 
we  became  sufficiently  adept  with  XL®  and  EMAS®  it 
was  easy  to  generate  a  variety  of  geometries  in  our 
admittedly  very  simple  models. 

MSC  has  now  integrated  an  advanced  solid  modeling 
technology  known  as  the  ConceptStation®  with  EMAS® 
(and  other  MSC  FEA  codes).  The  ConceptStation®  is  a 
solid  modeler  that  offers  an  intuitive  interface  with  pre- 
and  post  processing  and  a  host  of  other  capabilities.  Thus 
the  steep  learning  curve  and  the  difficulties  with 
generating  models  and  meshes  have  been  addressed. 

V.  CONCLUSIONS 

Though  we  have  not  yet  achieved  our  design  goal  the 
simulations  lend  considerable  insight  to  our  problem.  A 
lossy  dielectric  and  ferrite  combination  is  to  be  used  in  the 
PEP-II  cavity  HOM  loads  [2]. 
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ABSTRACT 

The  rf  system  of  the  Stanford  Linear  Collider  in 
California  is  subjected  to  daily  temperature  cycles  of  up  to 
15“C.  This  can  result  in  phase  variations  of  15*"  at  3  GHz 
over  the  3  km  length  of  the  main  drive  line  system. 
Subsystems  show  local  changes  of  the  order  of  3“  over  100 
meters.  When  operating  with  flat  beams  and  normalized 
emittances  of  0.3*10”^  m-rad  in  the  vertical  plane,  changes 
as  small  as  0.5 perturb  the  wakefield  tail  compensation 
and  make  continuous  tuning  necessary.  Different 
approaches  to  stabilization  of  the  RF  phases  and 
amplitudes  are  discussed. 

L  INTRODUCTION 

Since  going  to  flat  beam  running  in  1993,  where  the 
vertical  emittances  can  be  as  low  as  yEy  =  0.2*10“^  m-rad  at 
the  end  of  the  Linac,  all  tolerances  have  to  be  revised  to 
keep  the  machine  stable.  Here  we  are  mainly  talking  about 
the  slow  drifts  and  day-night  variations  and  not  about  the 
short  term  jitter.  These  changes  can  be  observed  with  the 
history  plot  feature  of  the  SLC  control  system,  where  many 
important  parameters  are  monitored  and  their  value  saved 
every  6  minutes.  About  40  parameters  are  changing  with  a 
daily  rhythm  and  it  is  a  numbers  game  to  figure  out  which 
are  the  most  important  ones.  The  other  important  issue  is 
the  mechanism  by  which  these  changes  might  influence  the 
emittance  variation.  The  wakefield  tail  compensation 
procedure  is  very  sensitive  to  any  energy  change.  This  has 
concentrated  the  studies  to  RF  variations  in  phase  and 
amplitude,  which  made  a  closer  look  on  the  tuning 
procedure  of  the  SLED-cavities  necessary.  The  different 
sources,  the  sensitivity,  and  the  SLED  tuning  are  discussed 
in  detail. 

IL  CHANGING  PARAMETERS 

Around  40  parameters  which  are  changing  daily  can  be 
put  into  three  categories:  The  incoming  conditions  of  the 
beam,  parameters  in  the  Linac,  and  the  outgoing 
conditions. 

A.  Incoming  beam  conditions 

The  incoming  beam  might  change  in  first  order  in 
intensity,  orbit,  energy  and  phase,  and  in  higher  order  in 
bunch  length  and  transverse  distribution,  to  influence 
changes  seen  in  the  linac. 

*Supported  by  the  DOE,  contract  DE-AC03-76SF00515. 
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B.  Linac  sources 

In  the  linac  there  are  magnets,  accelerating  structures 
and  BPMs,  which  can  change  the  beam  via  feedback.  The 
modulators,  klystrons,  SLED-cavities,  wave  guides,  and  the 
actual  accelerating  structures  change  the  beam  energy. 
Additionally  there  are  water  regulations,  phase  detectors, 
timing  issues,  and  more. 

C.  Outgoing  beam  measurements 

The  outgoing  beam  can  influence  the  performance  of 
the  linac  via  feedbacks,  which  hold  the  energy  constant  in 
the  ARCs  and  in  the  scavenger  extraction  line.  In  next 
order  there  might  be  changes  (e.g.  by  collimators)  in  the 
acceptance  to  background  and  energy  spread  which  will 
make  a  linac  change  necessary. 

All  these  can  be  responsible  for  changes.  Magnets 
change  of  the  order  of  10'^  or  less,  which  helps  to  keep  the 
in-  and  out-going  conditions  stable.  Studying  the  numbers 
has  given  some  hints  that  a  1.5%  energy  variations  might 
be  the  biggest  source.  This  can  come  from  RF  amplitude 
or  phase  changes. 

III.  EMITTANCE  SENSITIVITY 

The  flat  beam  emittance  of  0.2*10“^  m-rad  is  achieved 
by  a  delicate  cancellation  with  linac  bumps  [1]  down  from 
about  2.0*  10“^  m-rad.  These  “bumps”  consist  of  betatron 
oscillations  over  about  6  wavelength  (2200°  in  betatron 
phase).  A  1%  beam  energy  change,  equals  a  1.5“  RF  phase 


Figure  1:  Day-night  variations  of  the  emittance. 

At  the  end  of  the  linac  changes  of  300  %  of  the  minimum 
emittance  can  be  observed. 
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change  at  cos  20"  (BNS-phase),  will  cause  a  22°  change, 
which  will  be  ir  on  average.  This  will  regenerate  a  beam 
tail,  giving  an  emittance  growth  of  Ae  =  2.0  *  sin  1 T  =  0.4 
in  units  of  10  ^  m-rad.  Fig.  1  gives  an  example  of  the  earlier 
part  of  the  run  where  no  particular  interest  was  taken  to 
emittance  growth. 


IV.  SLED  TUNING 

The  SLED  system  provides  nearly  a  doubling  of  the  rf 
field  strength  [2].  The  energy  is  stored  in  two  high  Q 
cavities,  which  are  sensitive  to  temperature  changes.  Many 
steps  have  been  done  to  keep  it  stable:  water  cooling  with 
temperature  stabilization  of  about  0.1-0.2"C,  and  additional 
isolation.  Studying  the  pulse  form  during  the  charging  and 
decharging  of  the  SLED  cavities  has  led  to  some  ideas  why 
the  system  is  not  tuned  to  its  optimal  level. 

A.  Basic  SLED 

The  outputs  of  two  SLED  cavities  are  combined  in  a  3- 
dB  coupler.  The  output  of  this  coupler  is  the  SLED  output 
pulse  whose  amplitude  and  phase  varies  with  time.  If  the 
klystron  phase  does  not  vary  during  the  charging  of  the 
cavities,  the  amplitude  dips  to  zero  and  the  phase  changes 
by  180°  at  about  2  ps  after  the  rf  tum-on.  The  phase 
remains  constant  and  equals  the  klystron  phase  after  it  has 
been  flipped  180°. 

B.  SLED  tuning  details 

The  tuning  angle  is  defined  as 

^  =  arctan|^2ei^^^^j, 

where  f,f^  are  respectively  the  operating  and  resonant 
frequencies,  and  Qi  is  the  loaded  quality  factor. 

If  the  klystron  phase  does  vary  during  the  charging,  as 
is  the  case  at  SLC,  the  amplitude  doesn't  reach  zero  when 
the  cavities  are  tuned,  but  the  difference  in  phase  of  the 
SLED  output  before  and  after  the  180°  klystron  phase  flip 
is  still  a  minimum.  If  the  two  cavities  are  tuned  to  different 
frequencies,  the  amplitude  can  reach  zero,  hut  would  lead 
to  an  incorrect  tuning  procedure. 

An  observed  phase  change  from  before  to  after  the  klystron 
phase  flip  gave  an  indication,  that  the  SLED  cavities  were 
not  tuned  correctly.  The  reason  for  this  could  have  been 
that  the  cavities  were  tuned  at  another  temperature,  but 
retuning  it  with  the  same  procedure  gave  the  same  result.  It 
had  to  do  with  something  else.  Since  the  rf  is  not  switched 
on  by  the  subbooster,  but  rather  by  the  voltage  of  the 
modulator,  the  phase  of  the  klystron  changes  by  a  huge 


amount  during  this  tum-on  which  fills  the  SLED  cavities 
with  a  wrong  phase.  Therefore  a  180°  switch  is  not  the 
optimum  or  the  SLED  cavities  have  to  be  slightly 
mistuned. 

The  cavities  can  be  correctly  tuned  to  resonance  by 
minimizing  the  phase  difference  between  the  before  and 
after  the  180°  klystron  phase  flip.  This  would  also  result  in 
the  highest  peak  field,  since  the  two  vectors  (one  from  the 
klystron,  one  from  the  cavities)  are  aligned.  Fig.  2  shows  a 
typical  rf  pulse  form  in  amplitude  and  phase  generated  by 
simulations  for  different  tuning  angles.  The  simulations 
assumed  a  phase  change  at  the  klystron  of  100°  from  -5  to 
-4  ps  for  the  modulator,  the  normal  180°  switch,  and 
tuning  angles  'P  of  ±20°  besides  the  tuned  case. 


SLED  Output,  Psi=20, 0,-20 


Time  [us] 


Time  [us] 


Figure  2:  SLED  pulse  form  in  amplitude  and  phase. 

The  amplitude  rises  slowly  with  the  rising  modulator 
voltage.  Therefore  the  minimum  amplitude  doesn't  touch 
zero  before  the  peak  at  the  180° phase  change.  The  tuning 
angles  correspond  to  about  a  ±0.5  °C  temperature  change. 
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Figure  3:  Vector  diagram. 

The  voltage  vector  after  the  SLED  cavity,  with  real 
(horizontal)  and  imaginary  part  (vertical),  is  plotted  for 
five  different  tuning  angles.  The  tip  of  that  vector  curves 
around  for  different  times. 

Figure  3  is  a  plot  of  the  real  and  imaginary  parts  of  the 
SLED  output  field  vector,  as  time  increases.  The  vector  is  a 
line  from  the  origin  to  a  point  on  the  line.  It  starts  at  the 
origin,  goes  first  up  due  to  the  klystron  phase  assumption, 
then  the  SLED  cavities  get  finally  filled  with  the  right  rf,  it 
goes  flat  to  positive  values.  Then  the  fast  180°  switch  takes 
place  to  above  2  times  the  original  voltage,  then  it  decays 
slowly  to  zero,  by  going  exactly  through  a  zero  phase  (flat) 
at  about  1.5,  where  the  phase  is  held  constant  in  this 
simulation,  like  in  the  experiment. 

C.  Experimental  detuning  results 

The  SLED  cavities  are  tuned  by  adjusting  screws 
which  deform  the  cavities  and  therefore  change  the  tuning 
angle  W.  A  90°  turn  corresponds  to  'F  =  37°  or  1  °C 
temperature  change: 

'P  =  arctan(8. 4  •  10“^  0), 

where  (j)  is  the  mechanical  angle  in  degrees.  Figure  4  shows 
the  rf  and  beam  response  for  different  screw  rotations 
between  ±90°. 

D.  Temperature  Sensitivity  [3] 

If  the  cavities  are  tuned  to  resonance,  a  0.5  °C 
temperature  variation  will  cause  only  a  0.5  %  change, 
while  a  detuning  equivalent  to  0.5  °C  will  cause  already  a 
ten  times  bigger  change  of  5  %.  If  all  cavities  are  detuned 
an  equal  amount,  the  normal  energy  management  by 
scaling  of  the  magnets  (LEM)  would  compensate  for  that 
change,  while  differences  in  the  variation  are  not  corrected. 

V.  MAIN  DRIVE  LINE 

The  Main  Drive  Line  (MDL)  runs  along  the  linac  and 
feeds  the  30  subboosters  and  the  klystrons  with  a  common 
phase  reference.  The  changes  in  length  are  adjusted  for 
by  measuring  the  changes  directly  by  a  interferometer  with 
a  pulse  along  the  line.  But  any  power  changes  due  to  the 


Measured  SLED  and  Beam  Response 


Figure  4:  SLED  outputs  and  beam  energy. 

The  measured  results  from  the  beam  energy  (x)  and  rf 
amplitude  (o)  agree  well  with  each  other  and  with  the 
simulated  curve  (solid).  The  integral  over  the  significant 
pulse  (*)  or  Ejtoload  represents  pure  the  real  behavior. 

resistivity  change  of  copper  of  0.39  %/°C  will  generate  a 
delay  in  the  times-6  multiplier.  An  additional  4°  phase 
change  over  the  length  of  the  linac  is  expected  which  is  not 
corrected. 

VI.  DISCUSSION 

Day-night  temperature  variation  at  the  SLC  linac  is  a 
major  limit  for  delivering  stable  low  emittance  beams. 
Luckily  most  of  the  1994/95  run  happened  during  the  rainy 
season  with  1/3  of  the  peak  temperature  variations.  The  rf 
is  the  main  contributor  and  especially  a  correct  SLED 
tuning  procedure  seems  to  be  critical,  which  might  help  to 
get  the  variations  down  by  a  factor  of  2  to  3.  Then 
additional  causes  like  the  power  level  of  the  main  drive  line 
get  important. 
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ABSTRACT 

A  broadband  coax-waveguide  transition  for  the  high 
power  test  of  the  PEP-II  RF  cavity  HOM  waveguides  has 
been  studied.  The  design  requirements  are  that  it  must 
have  a  VSWR  less  than  2  over  the  frequency  range 
714MHz  to  2500MHz  and  transmit  lOkW  average  power 
from  a  250mm  *  25.4mm  rectangular  waveguide  to  a  50 
Ohm  coaxial  line.  A  double  ridged  waveguide  section 
with  the  same  cut-off  frequency  as  the  rectangular 
waveguide  has  been  selected  to  keep  its  impedance  near 
50  Ohm  over  the  frequency  range.  HFSS  cdculation 
results  and  design  of  the  transition  are  reported. 

1.  INTRODUCTION 

Single  cell  cavities  for  the  PEP-II  B-factory  high 
energy  ring  (HER)  and  the  low  energy  ring  (LER)  have 
three  higher  order  mode  (HOM)  ports  in  the  configuration 
of  waveguide  (250mm  *  25.4mm)  with  cut-off  lower  than 
all  the  HOM’s  of  the  cavity  except  for  the  fundamental 
accelerating  mode.  The  port  terminates  with  a  broadband 
load  capable  of  dissipation  up  to  lOkW. 

For  low-power  and  high-power  tests  of  the  HOM 
damper  waveguide  with  a  load,  a  broadband  coax- 
waveguide  transition  has  been  studied.  Since  it  must 
have  small  reflection  at  the  same  frequency  range  as  the 
HOM  damper  and  must  be  also  capable  to  the 
transmission  up  to  lOkW,  it  can  be  thought  as  a  "spare” 
option  in  case  this  HOM  damper  might  face  any 
inconveniences.  By  using  the  transition  with  a  broadband 
window,  a  broadband  load  can  be  put  outside  of  vacuum 
and  can  be  treated  easier. 

Though  studies  of  a  broadband  coax-waveguide 
transition  already  began  more  than  thirty  years  ago  for  low 
power,  a  kW-order  high  power  transition  study  has  been 
performed  only  at  INFN  (Istituto  Nazionale  di  Fisica 
Nucleare)  for  DAONE  damped  cavities.  It  is  for  up  to 
IkW  transition. 

On  this  study,  the  requirement  for  power  transition  is 
severer.  It  is  getting  obvious  that  higher  power  needs  a 
bigger  coax  and  that  it  gives  more  limitations  for  its 
design,  while  HFSS  calculations  are  performed. 

2.  DESIGN  REQUIREMENTS 

The  design  requirements  of  the  broadband  coax- 
waveguide  transition  are  that  it  must  have  a  VSWR  less 
than  2:1  over  the  frequency  range  714MHz  to  2500MHz 
and  transmit  lOkW  average  power  from  a  250mm  * 
25.4mm  rectangular _ 
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waveguide  to  a  50  Ohm  coaxial  line.  They  are  same  as 
ones  of  the  HOM  damper. 

In  order  to  transmit  up  to  lOkW  over  the  range,  the 
coaxial  line  is  desired  to  be  bigger  than  3-1/8”.  If  smaller, 
not  only  heating  at  inner  conductor  is  too  much,  but  also  a 
broadband  window  design  must  be  very  difficult. 

3.  DESIGN  OF  TRANSITION 

For  such  a  broadband  coax-waveguide  transition,  it  is 
well  known  that  applying  a  ridged  waveguide  is 
inevitable. 

Because  it  has  a  flat  impedance  characteristics  and 
also  a  higher  cut-off  frequencies  of  HOM's  it’s  easier  to 
make  a  match  with  a  coaxial  line  and  the  effects  of 
HOM’s  are  very  small. 

Accordingly,  it  consists  of  two  parts,  which  are  a 
rectangular-ridged  waveguide  transition  and  a  ridged 
waveguide-coax  transformer. 

3J  Ridged  Waveguide  Design 

To  decide  the  ridged  waveguide  configuration  is  one 
of  the  most  important  parts  of  this  study. 

For  the  coax-waveguide  transition  parts,  it  is 
necessary  to  keep  the  cut-off  frequency  of  any  cross 
section  same  if  it’s  for  broadband.  Therefore  the  ridged 
waveguide  has  the  same  cut-off  of  TEIO  mode,  599.6MHz. 

And  also  its  cut-off  of  the  next  higher  mode  coupled  to 
a  coax,  TE30  must  be  far  higher  than  2500MHz,  which  is 
the  upper  limit  of  the  applied  range.  A  rectangular 
waveguide  with  TEIO  cut-off  frequency  of  600MHz  has 
1800MHz  cut-off  frequency  of  the  TE30  mode.  If  it’s 
ridged,  cut-off  of  TE30  is  higher  up  to  more  than  twice  of 
it,  which  is  higher  than  2500MHz.  But  if  the  design  of  the 
ridged  waveguide  is  not  suitable,  it  will  be  below 
2500MHz. 

Furthermore,  its  impedance  must  be  not  very  far  from 
50  Ohm,  one  of  the  coaxial  line,  over  the  range  700  MHz 
to  2500  MHz. 

If  we  suppose  a  simple  impedance  connection 
between  50  and  Z  Ohm,  its  S -parameter  of  reflection  is  IZ- 
50l/(Z+50).  It  is  desired  to  keep  the  reflection  ratio  below 
0.25  over  the  range  in  order  to  obtain  VSWR<2.  Thus, 
83.3>Z(Ohm)>30.0  is  required  over  the  range. 

A  ridged  waveguide  shape  is  defined  with  four 
parameters,  width  and  height  of  a  rectangular  waveguide, 
ridge  width  and  ridge  gap. 

For  good  broadband  matching,  electric  field 
distribution  should  be  as  uniform  as  possible  at  a  junction 
of  a  coaxial  line  and  a  ridged  waveguide.  From  tiiis  point 
of  view,  a  smaller  coax  is  preferable.  At  least,  a  coax 
outer  electrode  must  be  smaller  than  ridge  width,  and 
possibly  far  smaller.  Nevertheless,  as  the  coaxial  line 
must  transit  lOkW,  it  cannot  be  too  small.  Insteadly,  we 
should  make  ridge  width  wider  or  ridge  gap  shorter.  But 
ridge  width  is  limited  by  the  cut-off  of  TE30  and  ridge 
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width  is  restricted  by  heating  or  multipactoring  at  the  gap, 
though  it  is  supposed  to  be  suppressed  with  TiN  coating. 

Since  outer  diameter  of  a  3-1/8"  coaxial  line,  which  is 
enough  capable  for  lOkW  transition,  is  about  80mm,  the 
ridge  width  should  be  more.  At  first,  we  tried  with  128mm 
or  96mm  ridge  width.  However,  HFSS  calculations  never 
found  a  shape  that  satisfied  all  the  criteria:  TEIO  cut-off 
about  600MHz,  TE30  cut-off  »  2500MHz  and  an 
impedance  which  varied  between  30(Ohm)  and 
83.3(Ohm)  over  the  applied  frequency  region. 

Then  ones  with  64mm  ridge  width  were  surveyed. 
Because  it  is  smaller  than  the  coax  size  of  3-1/8",  a  taper 
from  a  smaller  coax,  e.g.  1-5/8",  at  a  junction  to  3-1/8"  is 
required  at  the  transformer  part.  1-5/8"  coax  is  rather 
small  for  lOkW  transmission,  but  cooling  of  inner 
conductor,  as  told  later,  is  not  difficult  for  this  type  of 
transformer. 


location(mm) 


Figure  1  Ridged  Waveguides  Impedance  Comparison 


Figure  1  shows  impedance  calculation  results  with 
ridged  waveguides  with  64mm  ridge  width  and  8mm  ridge 
gap,  whose  cut-off  of  TEIO  is  about  600MHz.  The  best 
case  is  one  with  36mm  waveguide  height  and  its  cut-off  of 
TE30  is  more  than  3GHz,  high  enough  to  think  HOM 
effects  are  negligible. 

All  the  calculations  above  have  been  performed  for 
double  ridged  waveguides.  Though  single  ridged 
waveguide  might  be  possible,  from  the  results  so  far,  it  is 
more  difficult  to  obtain  the  good  matching  transformer  to 
a  coaxial  line  than  with  double  ridged.  Because,  as 
shown  later,  where  to  stop  ridges  in  the  back  cavity  is  one 
of  the  most  important  parameter  for  the  part  and  in  the 
best  case,  two  ridges  are  stopped  with  different  length. 


Figure  2  Cutoff  Frequency  Distribution 


3.2  Rectangular  -  Ridged  Waveguide  Transmission 

For  a  broadband  transition,  the  cut-off  frequency  of 
any  cross  section  must  be  kept  as  same.  If  the  part 
consists  of  only  linear  tapers,  cut-off  distribution  in  the 
taper  will  be  shown  as  a  dotted  line  in  Figure  2. 

(Assumed  taper  length  is  500mm.)  And  Sll  parameter 
will  be  calculated  as  a  dotted  line  in  Figure  3,  which  is 
not  satisfactorily  small  because  more  reflection  will  be 
expected  at  the  following  transformer  part.  For  lower 
reflection,  the  transmission  part  need  to  be  separated  into 
small  pieces,  all  of  whose  cross  section  have  almost 
600MHz  cut-off. 


HFSS  calculations  shows  10  pieces  are  enough  to  get 
the  flat  TEIO  cutoff  distribution  within  599.8+0.9MHz  and 
smaller  reflection,  which  are  shown  as  solid  lines  in 
Figure  2  and  3,  respectively. 

3.3  Ridged  Waveguide  -  Coax  Transformer 

In  a  regular  rectangular  waveguide-coax  transformer, 
as  the  impedance  of  the  ordinal  guide  is  much  higher  than 
that  of  the  coax,  the  inner  conductor  of  the  coaxial  line 
must  stop  short  of  the  opposite  wall  of  the  guide  or  touch 
side  walls  to  prevent  mismatch.  On  the  other  hand,  the 
impedances  of  the  ridged  waveguide  and  the  coax  are 
nearly  matched,  thus  the  inner  conductor  must  touch  the 
far  wall  of  the  guide  or  top  of  the  ridge  for  matching. 
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It  provides  a  convenience  to  cool  the  inner  conductor 
and  the  reason  why  a  smaller  coaxial  line  than  3-1/8"  can 
be  applied  at  the  inner  conductor  short  position  on  the  far 
wall.  An  1-5/8"  coaxial  line  was  selected.  For  a 
broadband  window,  however,  a  taper  to  3-1/8"  must  be 
necessary. 

This  transformer  design  is  not  very  easy  because  there 
are  too  many  parameters.  In  order  to  make  it  simple, 
firstly  only  three  parameter  were  surveyed.  They  are  back 
cavity  length  (short  length)  and  length  of  two  ridges, 
which  means  where  these  two  ridges  stop  in  the  back 
cavity.  And  after  that,  a  taper  of  the  inner  conductor  at  its 
short  position  was  optimized.  Shape  of  the  back  cavity 
might  be  (and  should  be)  optimized,  but  it  would  be  very 
complicated  and  need  a  great  number  of  calculations. 
Since  the  configuration  satisfies  the  requirement  has  been 
obtained  as  Figure  4,  the  back  cavity  shape  survey  has 
not  been  done. 


Figure  4  Optimized  Configuration  of  the  Ridged- 
Waveguide-Coax  Transformer(l/2  symmetric  model) 

In  the  configuration  in  Figure  4,  the  ridged  waveguide 
is  transformed  into  1-5/8"  coax  and  changed  to  3-1/8"  by  a 
100mm  taper  with  50  Ohm.  The  upper  ridge  stops  at  the 
axis  position  of  the  coaxial  line  while  the  lower  ridge 
stops  at  the  end  of  the  inner  conductor  taper.  Figure  5 
shows  the  HFSS  results  of  reflection  parameter  Sll 
spectrum.  The  effect  of  the  inner  conductor  taper  is 
obvious  when  the  solid  line  is  compared  with  the  dotted 
one  for  no  taper. 


Figure  5  S11  Curves  of  the  Transformer  Part 

(Ridged  Wavegulde-Coax  Trans., 
with  and  without  Taper  on  Coax  Inner  Cond.) 

3 A  Calculation  Results  Of  Whole  System 


The  whole  system  of  the  broadband  coax-waveguide 
transition  together  with  the  transition  and  the  transformer 
is  shown  in  Figure  6,  whose  length  is  640mm  and  height 
is  158mm.  Figure  7  gives  the  HFSS  calculation  results  of 
this  configuration,  showing  VSWR<1.74  over  the 
frequency  range  714MHz  to  2500MHz  which  satisfies  the 
requirements. 


Figure  6  Broadband  Waveguide-Coax  Transition 
(1/2  symmetric  model) 


Frequency(MHz) 

Figure  7  S11  Curves  of  the  Optimized  Configulatlon 

4.  CONCLUSION 

A  broadband  coax-waveguide  transition  for  the  high 
power  test  of  the  PEP-II  RF  cavity  HOM  waveguides  has 
been  designed  in  order  to  fulfill  that  VSWR<2  at  714MHz 
to  2500MHz.  Although  such  a  broadband  transition  for  up 
to  lOkW  average  power  has  never  been  operated,  the 
results  indicate  such  a  design  could  be  used  for  broadband 
RF  power  tests. 
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To  simplify  construction  and  improve  first  orbit  dynamics 
for  our  mobile  70  MeV  Race-Track  Microtron  we  have 
studied  a  biperiodic  accelerating  structure  with  rectangular 
cavities.  This  structure  has  somewhat  higher  effective  shunt 
impedance  than  a  biperiodic  circular  structure  with  inner 
coupling  cells.  It  also  focuses  in  one  direction  and  so  can  be 
used  to  construct  accelerating-focusing  sections  for  other 
types  of  particle  accelerators.  We  present  here  the  results  of 
our  experimental  and  simulation  investigations  of  the 
electrodynamic  parameters  of  this  structure. 

I.  INTRODUCTION 


A  biperiodic  accelerating  structure  based  on  prismatic 
cavities  is  shown  in  Fig.l.  The  accelerating  cells  have  the 
dimensions  of  a  regular  rectangular  waveguide,  B=55  mm 
and  A=110  mm,  while  the  coupling  cell  narrow  wall 
dimensions  are  determined  with  consideration  for  coupling 
slots  and  central  beam  apertures  in  tubes.  The  coupling 
coefficient  between  adjacent  cells,  as  well  as  the  central 
aperture  diameter  and  drift  tube  dimensions,  were  chosen  to 
be  close  those  of  our  original  axially  symmetrical  biperiodic 
structure  [1].  We  calculated  and  experimentally  investigated 
two  biperiodic  structure  variants  with  prismatic  cavities 
whose  dimensions  are  presented  in  Table  I. 


A  biperiodic  accelerating  structure  has  as  its  principle 
advantage  over  a  disk-loaded  guide  the  possibility  of  attaining 
a  desired  energy  with  a  given  Radio  Frequency  power  in  a 
shorter  structure,  an  essential  feature  for  a  Race-Track 
Microtron.  We  employed  such  a  biperiodic  structure  based 
on  cylindrical  cavities  in  our  original  multi-purpose  mobile 
70  MeV  RTM  design  [1].  Further  advantages  accrue  for  our 
application  by  using  a  so-called  rectangular  structure  linac 
without  axial  symmetry  [2]  despite  some  particle  dynamic 
peculiarities  from  the  changed  focusing  conditions.  In  a 
classical  circular  microtron  the  relativistic  particle  transverse 
momenta  are  increased  proportional  to  when  traversing 
a  rectangular  cavity  with  circular  apertures  [3].  For  vertical 


S' 

motion 


where  A  and  B  are,  respectively,  the 


vertical  and  horizontal  cavity  dimensions.  For  the 


corresponding  horizontal  motion, 


A' 


In  square 


and  circular  cross  section  cavities  there  is  no  momentum 
change  in  either  motion  so  there  is  no  focusing  after  several 
RTM  orbits.  On  the  contrary,  a  vertically  elongated  resonator 
focuses  in  the  vertical  while  defocusing  in  the  horizontal  for 
all  electron  orbits,  Ap/,  =  -Apy.  This  result  is  shown  in  Fig.  3 
of  ref.  2  as  linac  focal  lengths  with  electron  energy. 

Taking  into  consideration  the  above,  we  have  found  the 
electrodynamic  parameters  of  the  proposed  structure  which 
we  present  here.  The  results  of  our  beam  dynamics 
calculations  for  a  RTM  with  the  rectangular  biperiodic 
structure  are  reported  elsewhere  [2]. 


Fig.  1 .  Biperiodic  structure  with  a  rectangular  cavities. 


To  determine  the  coupling  cells  dimensions  which  provide 
the  desired  coupling  coefficient  we  use  [4] 

K  =  ,  (1) 

Zq  6 

where  Z  is  the  coupling  slot  wave  impedance  and  Zb,  is  the 
free  space  impedance.  and  ffn.c»  the  normalized  magnetic 
fields  at  the  slot  position,  can  be  written  as 


where  Wa  is  the  energy  stored  in  the  prismatic  accelerating 
cell  and  Wc  in  the  coupling  cell  when  operating  in  Eno  mode, 
ifa  and  /fc  can  be  determined  by  averaging  over  the  coupling 
slot  area,  5  ,  the  rectangular  cavities  being  exited  in  Eno 
mode: 

Ha  =  ^ J H,ix,y)dS  ,  =  I j HM,y)dS  .  (3) 

s  s 


II.  THE  Structure 
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Table  L  Structure  dimensions  in  millimeters. 


IIL  Electrodynamic  Characteristics 

We  calculated  the  electrodynamic  parameters  of  two 
biperiodic  structures  with  rectangular  cavities  using  the  upper 
half  of  the  structure  between  planes  A- A  and  B-B  of  Fig.  1. 
For  electric  walls  the  0,  7i/2,  and  n  modes  are  excited.  For 
magnetic  walls  the  nil  coupling  cell  mode  is  excited.  For  an 
electric-magnetic  wall  combination  the  structure  supports  the 
7e/4  and  37c/4  modes.  We  used  a  50,000  nodes  in  our 
simulations  [5]  and  took  Pph  =  0.994  in  variant  1  which  gave 
a  Q  factor  of  12,500,  For  variant  2  we  chose  the  relative 
phase  velocity  to  be  pph=l  at  f^2  =  2,941  MHz  with  the 
resulting  structure  dispersion  curve  shown  in  Fig.  2.  The 
coupling  coefficient,  IQ,  is  3.5%,  the  field  nonuniformity 
coefficient,  IQ,  is  1.01,  the  unloaded  Q  factor  is  12,430,  and 
the  effective  shunt  impedance,  rsheff,,  is  95.6  MQ/m.  The 
electric  field  overstrength  coefficient,  defined  as  the  ratio  of 
the  maximum  electric  field  at  the  structure  surface  (x  =  3.75 
mm,  y  =  9.86  mm,  and  z  =  15.65  mm)  to  that  on  the  structure 
axis,  is  ~2.5.  All  these  parameters,  the  effective  shunt 
impedance  excepted,  differ  only  slightly  firom  those  of  our 
biperiodic  structure  with  cylindrical  cavities  [1].  rgh.eff 
increases  by  almost  25%  which  is  encouraging  for  our 
compact  RTM  application.  To  experimental  tune  the 
structure  the  sensitivity  functions  are  very  important  and  were 
calculated  for  variant  2  to  be: 

df  ,^MHz  df  _MHz 

—  =  -4U - ,  —-  =  -15 - , 

dfig  nun  d  mm 

0232  nun  d  mm 


0 

Figure  2.  Structure  variant  2  dispersion  curve. 


IV.  Accelerating  Structure  Measurements 

We  conducted  experiments  to  determine  the  structure 
dimensions  which  would  support  the  tU2  mode  frequency 
with  phase  velocity,  pph,  of  1,  coupling  coefficient  of  ~3%, 
and  a  uniform  field  over  the  entire  accelerating  structure 
length.  With  these  conditions  realized  we  could  compare  the 
effective  shunt  impedance,  unloaded  Q  factor,  and  field 
overstrength  coefficient  of  this  structure  with  our  original  one 
having  cylindrical  cavities. 

We  made  experiments  and  calculations  to  find 
accelerating  and  coupling  cells  coupling  slot  positions  as 
shown  in  Fig.l.  The  slot  width  in  both  disks,  Ai  and  A2,  were 
chosen  to  be  8  mm  with  rounded  ends  of  radius  4  mm.  The 
coupling  slot  dimensions  in  disks  which  were  cut  parallel  to 
the  narrow  cavity  walls  were  approximated  using  eqns.  (1)- 
(3),  then  corrected  using  uniform  periodic  structure  prototype 
data,  and  were  li  =  41.5  mm,  and  Isi  =  32.9  mm.  The 
coupling  slots  cut  parallel  to  the  cavity  broad  walls  had  A2  =  8 
mm  at  a  distance  of  *-20  mm  from  the  structure  axis,  I2.  The 
desired  coupling  was  achieved  by  varying  the  slot  length  ^2- 
To  determine  the  accelerating  and  coupling  cells  frequencies, 
///2  and  ///2  we  assembled  resonant  prototype  sections. 

We  detuned  the  accelerating  and  coupling  cells,  seen  in 
Fig.3a  and  b,  respectively,  using  massive  cylindrical  bushes 
having  an  inner  diameter  of  2a.  During  tuning  we 
maintained  the  accelerating  cell  frequency  constant  and 
adjusted  the  coupling  cell  frequency  by  changing  B2  until 

fa  ^  fc 

/  Jt/2  /  jt/2  • 


Fig.  3.  Resonance  tuning  of  (a)  coupling 
and  (b)  accelerating  cells. 


To  check  the  accelerating  and  coupling  cells  tuning  we 
assembled  a  resonant  prototype  consisting  of  an  accelerating 
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cell,  two  accelerating  half-cells,  and  two  coupling  cells  in 
which  we  measured  the  resonance  frequency  and  electric  field 
distribution  using  the  small  perturbations  technique  [4].  If  a 
disruption  in  the  dispersion  curve  at  idl  mode  occurred  or  if 
unequal  field  amplitudes  appeared  in  the  full  and  half 
accelerating  cells  we  changed  the  coupling  coefficient  by 
varying  ls2  When  the  field  amplitude  in  the  full  cell  was 
higher  than  that  in  the  half  cells  the  Isi  slots  dimensions  in 
the  adjacent  disks  were  increased.  After  this  procedure  we 
remeasured  nn  and/^^g*  adjusted  f:n  so  that 

rc  ^  fa 

1  nl2 

To  measure  the  field  we  used  0.14  mm  diameter 
cylindrical  metallic  beads  with  the  lengths  of  2.5  and  3.5  mm 

and  form  factors  =237x10^^  and  &9xl0'^^m^s/f2, 
respectively.  In  some  measurements  we  used  0.9  mm 
diameter  ceramic  bead  with  the  length  of  6  mm  and  form 
factor  =  S2xl0"^m^s/Q,  Since  our  experiments  preceded 

our  calculations  we  did  not  obtain  Pph=l  for  the  first  tuned 
structure  variant.  We  only  got  Pph=0.994  at  the  frequency 
2,898  MHz  so  we  continued  our  experiments  with  the  variant 

2  structure. 

The  measured  electric  field  strength  on  the  structure  2 
prototype  axis  is  shown  in  Fig.  4,  where  the  length  is  102 
mm.  We  calculated  the  effective  shunt  impedance  using  this 
field  distribution  to  be  ~98  MQ/m  and  the  Tt/2  mode 
frequency  was  2,938.7  MHz. 


Z,  mm 
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V.  Conclusions 

For  RTMs  a  prismatic  cavity  biperiodic  structure  is 
preferred  to  a  cylindrical  cavity  structure  because  the  injection 
scheme  is  simplified  since  the  electron  beam  can  make  a  full 
first  orbit  rotation  without  additional  equipment.  This 
asymmetric  structure  has  a  Q  factor  and  field  overstrength 
coefficient  equal  to,  and  effective  shunt  impedance  larger 
than,  other  possible  accelerating  structures  while  additionally 
focusing  in  one  transverse  direction. 
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Some  features  of  calculation  and  experimental  study 

of  a  biperiodical  structure  consisting  ^f  accelerating 

cells  and  a  coupling  cell  are  considered.  The  structure  is 
intended  to  be  used  as  a  radio  frequency  photocathode 
source. 


1.  INTRODUCTION 

One  of  the  unique  features  of  high-gradient  rf  electron 
injectors  is  that  the  beam  can  be  accelerated  to  relativistic 
energies  in  two  cells.  Cells  geometry  is  chosen  so  that  the 
electric  field  radial  component  is  minimised  in  the 
beamline  vicinity,  so  the  unwanted  increasing  of  the 
emittance  is  limited  [1].  At  the  same  time  the  geometry 
should  also  ensure  optimal  values  of  shunt  impedance  and 
accelerating  field  providing  the  electric  field  at  the 
structure  surface  is  below  the  breakdown  level.  Our  studies 
have  resulted  in  the  determination  of  a  structure  which  met 
requirements  mentioned  above  and  was  suitable  for 
acceleration  of  100  A  electron  beam  with  the  values  of 
micropulse  length  30  ps  and  macropulse  length  10  |is.  The 
beam  energy  of  3  MeV  was  obtained  in  the  structure  having 

accelerating  cells  and  being  fed  from  a  klystron  with 

3.5  MW  power  value  and  frequency  1.3  GHz.  In  this  paper 
we  discuss  the  results  of  calculation,  tuning  and 
experimental  study  of  a  prototype  of  the  structure  under 
consideration  operating  at  the  frequency  2800  MHz. 

II.  BASIC  PRINCIPLES  OF  THE  ACCELERATING 
STRUCTURE  CALCULATION 

The  equivalent  scheme  of  the  resonant  section 
consisting  of  an  accelerating  half-cell,  a  coupling  cell  and 
accelerating  full  cell  is  shown  in  Fig.l.  It  is  valid  for  the 
case  when  the  overcell  coupling  and  resistive  losses  can  be 
neglected. 

It  is  assumed  that  the  own  frequencies  of  the  cells  are 
equalized  (0^^  =  j  =  (0q2  =  i  . -  0)^ .  Denoting  as 

/p  /g  and  /g  the  loop  currents  and  assuming  that  the 

coupling  between  the  accelerating  half-cell  and  full  cell  is 
negligible,  one  can  write: 


p 

B 

\  I,"', 

y-, 


M  M 


Figure  1.  Resonance  model  and  its  equivalent  scheme 
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where  =  ^^1 Q  and  the 

coupling  coefficient  k  =  ^ - 

By  equalising  the  determinant  of  the  system  (1)  to 
zero  one  can  get 
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The  solutions  of  Eq.  (2)  are 
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According  to  the  expression  given  in  [1] 
(Op 


(0  =■ 


(5) 


^-Arcos0 

the  structure  under  consideration  would  be  exited  at  ^ 
%  and  5^  modes. 

For  the  determination  of  the  optimal  shape  of  the 
accelerating  cell  in  respect  to  the  parameters 

shunt  impedance  and  k  the  computer  program  PRUD- 

0  [2]  was  used  which  was  developed  for  the  calculation  of 
axially  symmetrical  modes  of  oscillations.  This  program 
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was  also  used  for  the  determination  of  coupling  cell 
dimensions. 

For  the  determination  the  coupling  cell  dimensions 
which  provide  the  chosen  coupling  coefficient  one  can  use 
the  following  expression  [3] 

(6) 

where  Z  is  the  coupling  slot  wave  impedance,  its  value 
being  normalised  with  respect  to  the  free  space  impedance 

^0 


Here  is  the  slot  depth,  A  is  the  slot  width,  is  the  slot 
axial  position  radius  and  N  is  the  number  of  coupling  slots. 
Note,  that  ^c('s)  obtained  from 

calculations  according  to  the  program  PRUD-0. 

In  case  when  the  coupling  slot  edges  are  rounded  with 

the  radius  ^  the  effective  length  would  be 

r,  =  /3l+Q15sir|^^j  (8) 

The  calculation  of  a  coupler  which  connects  the 
rectungular  waveguide  having  cross-section  dimensions 
AxB  mm^  with  accelerating  cell  of  a  biperiodic  structure 
is  carried  out  on  the  basis  of  the  formula  [3] 


where  Qq  is  the  accelerating  cell  unloaded  Q  factor,  h 

and  t  are  the  width  and  depth  of  the  inductive  coupling 
window,  L  is  the  net  length  of  all  accelerating  cells  is 
the  wave  length  in  the  rectangular  guide  (assuming  that  the 

accelerating  cell  has  cylindrical  geometry),  is  equal 

Zc 

to  p  for  the  case  of  overcoupling  and  is  equal  to  1/p 

Zc 

for  the  case  of  undercoupling  ,  p  is  the  voltage  standing 
wave  ratio  coefficient. 

III.  CALCULATION  AND  EXPERIMENTAL 
STUDY  OF  THE  ACCELERATING  STRUCTURE 
PROTOTYPE. 

The  S-band  accelerating  structure  consisting  of  one  and  a 
half  accelerating  cell  and  one  coupling  cell  was 
calculated  and  tuned.  The  frequency  f=2800  MHz  was 
chosen  as  operational  one.  The  shape  of  the  accelerating 
cell  with  optimal  dimensions  corresponding  to  f=2800  MHz 
is  shown  in  Fig.2.  Its  basic  dimensions  are  given  in  Table  1. 


Figure  2.  The  basic  dimensions  of  the  structure. 


Table  1.  Basic  dimensions  of  the  structure  Fig.2  (mm' 


With  the  purpose  of  minimization  the  field  quadrupole 
component  exited  by  not  strongly  relativistic  beam  four 
slots  are  cut  in  each  wall  of  the  coupling  cell,  slots  in  the 
adjacent  walls  being  rotated  by  45°  for  diminishing  the 
coupling  between  accelerating  cells.  For  the  coupling 
coefficients  calculation  the  expressions  (6),  (7)  and  (8) 
were  used.  The  following  dimensions  are  given:  =22  mm, 
D=  4  mm,  t=2.5  mm,  ls=l 2.4mm.  The  normalized  magnetic 
field  values  are 

_3  _3 

H3  =  11O05rr7'2;  H^=25277'5'. 

Taking  into  account  the  data  given  above  one  can  obtain 
from  (7)  the  coefficient  of  coupling  between  the 
accelerating  half  cell  and  coupling  cell  (if  N=4)  kc=1.56 
%.  The  coupling  between  the  accelerating  full  cell  and 
coupling  cell  is  characterized  by  kc=Ll  %. 

To  evaluate  the  dimensions  of  the  coupling  slot  between 
the  rectangular  feeding  waveguide  and  the  accelerating 
cell  it  is  helpful  to  use  formula  (9)  with  the  assumption  that 
at  the  operational  frequency  the  coupling  with  the  resonator 

is  critical,  i.e.  —  =  1,  and  the  slot  height  ”b'’  is  equal  to 
^0 

the  rectangular  guide  dimension  "B".  With  Q=10000,  t=l 
mm,  f=2800  MHz  and  AxB=72x34mm^,  the  slot  width  was 
obtained  to  be  h=13.3  mm. 

The  tuning  routine  is  as  follows.  At  first  the  prototype  is 
assembled  as  shown  in  Fig.3.  The  coupling  cell  is  detuned 
by  a  metal  ring.  Then  by  changing  the  accelerating  cell 
diameter  the  resonant  frequency  is  made  equal  to  2800 
MHz. 
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Figure  3.  Resonance  model  for  the  half  accelerating  cell 
frequency  tuning  . 

The  environmental  temperature  and  humidity  should  be 
accounted  for.  After  that  the  resonant  prototype  consisting 
of  two  accelerating  half  cells  and  one  coupling  cell  is 
assembled.  By  cutting  the  cylindrical  surface  of  the 
coupling  cell  the  symmetrical  dispersion  curve  with  respect 
to  the  operational  frequency  is  obtained.  The  tuning 
criterion  is  the  realization  of  the  following  equation 
1(02 -COoil=IC03-0)oil 

where 

<") 

and  the  frequency  (Oqi  should  be  equal  to  the  operational 
one. 


Figure  4.  Resonance  model  for  the  coupler  tuning  . 

The  next  stage  of  the  tuning  procedure  includes  the 
tuning  of  the  whole  structure  with  the  RF  power  feeding 
element  (Fig.4).  At  the  variation  of  feeding  window  width 
we  have  to  retune  the  accelerating  cell  (  the  coupling  cell 
is  detuned)  to  the  operational  frequency  and  to  measure  the 
reflection  coefficient  from  the  RF  power  feeding  element. 
To  avoid  the  frequent  cuttings  of  the  accelerating  cell 
peripheral  surface  the  operational  frequency  is  being 
maintained  by  a  plunger  inserted  trough  the  cut  off  hole  in 
the  drift  tube.  In  this  manner  the  critical  coupling  regime 
was  obtained.  The  final  tuning  to  the  operational  frequency 
is  realized  by  changing  the  accelerating  cell  diameter,  the 
plunger  being  withdrawn. 

The  basic  experimental  technique  for  the  measurement  of 
electric  field  in  accelerating  resonators  is  the  reactive 
probe  technique.  For  its  realisation  an  automation 
measuring  complex  [3]  is  used.  The  electric  field  in  the 
vicinity  of  the  beamline  was  measured  inside  the  half  of 


accelerating  cell.  The  dielectric  perturbing  probe  was  used 
in  the  measurements.  It  had  the  shape  of  a  cylinder  with 
diameter  0.9  mm  and  length  3.5  mm.  The  probe  material 
was  characterised  by  e=25,  and  the  formfactor  was  equal 
to  k^^>=3.2xl0-2®  mVOhm. 

The  electric  field  versus  z  distributions  at  different  r  are 
shown  in  Fig.5.  In  this  figure  the  result  obtained  with 
PRUD-0  are  also  presented.  The  ordinate  is  normalised, 

i.e.4  =  -^—  . 


of  r:  0,  1,  2,  3,  4  mm. 

_  experimental  data; _ PRUD-0  calculations. 

IV.  CONCLUSION 

Analytical  formula  and  experimental  techniques 
offered  in  this  paper  have  enabled  us  to  carry  out  simple 
and  rather  precise  tuning  of  the  system  under  consideration 

including  the  structure  itself  which  consisted  of 

accelerating  cells  and  one  coupling  cell  and  the  feeding 
waveguide.  The  electric  field  distribution  measurements 
conducted  in  S  band  accelerating  half-cell  show  good 
agreement  with  the  calculation  data. 
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Ferromagnetic  Cores  Made  from  Amorphous  Material  for 
Broad-band  Accelerating  System 
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Amorphous  ferromagnetic  ribbons  are  considered  as  a 
material  for  ferromagnetic  cores  for  unresonant  accelerating 
structures  of  100...200-MeV  ion  accelerators.  The 
manufacturing  of  the  cores  using  this  material  are  cheaper 
and  easier  than  that  of  the  cores  made  from  common-used 
ferrites.  Calculated  and  experimental  characteristics  of  the 
ferromagnetic  cores  made  from  these  ribbons  (permeability 
and  tangent  loss)  for  a  coaxial  broad-band  accelerating 
system  are  presented.  These  characteristics  over  the 
frequency  range  from  1  to  10  MHz  are  in  good  agreement 
taking  into  account  skin-effect.  Possible  versions  of  coaxial 
accelerating  systems  for  medical  synchrotrones  with  above 
mentioned  cores  are  considered. 

L  METHOD  OF  CALCULATION 
The  coaxial  cavity  with  toroidal  ferromagnetic 
cores  is  shown  in  Fig.l. 


Figure  1.  Accelerating  system. 

At  small  electric  and  magnetic  fields  without  saturation 
and  for  a  narrouw  hysteresis  cycle  someresults  presented 
in  [1]  may  be  used  to  calculate  parameters  of  such  system. 
The  paper  [1]  generalizes  results  described  in  [2]  in  case  of 
foliated  cores.  In  this  case  the  dominant  role  is  played 
by  skin-effect  which  limits  the  magnetic  field  penetration 
in  to  the  ribbon  and  creates  power  dissipation.The  complex 
input  impedance  of  the  left  or  right  part  of  the  cavity  may  be 
calculated  using  the  following  equation: 


ln(b/a)  f - 

Z  =  j - ^J<\i>/ <E>tg(KL)-\^(}2nfC)  ,  (1) 

2n 

where  (e)  =e,  (A, +A2  )/Ai,  (|i)  = 

tg5  =  (shP-siiiP)(shP+sinP)“‘,  P  =  Aj^/jl^Jtf/p, 

K  =  27lfV(e)(|i),  [p]  = - A2p.^(shP+sinP) - 

(Aj  +A2  )P(chP-i-cosP)cos8 
In  these  formulas  (e)  is  the  resulting  dielectric 
permeability,  (p)  is  the  resulting  complex  magnetic 
permeability  of  the  foliated  cores,  is  the  dielectric 
permeability  of  the  insulation  between  the  ribbons,  \i2is  the 
magnetic  permeability  of  the  ribbon  at  the  zero  frequency, 
Aj  is  the  thickness  of  the  insulation  between  the  ribbons, 
A  2  is  the  thickness  of  the  ribbon,  p  is  the  ohmic 
resistance  of  the  ribbon  material,  C  is  the  equivalent 
capacity  of  the  accelerating  gap,  f  is  the  frequency. 

IL  CALCULATED  AND  EXPERIMENTAL 
RESULTS 

In  order  to  develop  one  of  the  versions  of  the  coaxial 
accelerating  system  for  the  medical  H-minus  synchrotron 
with  the  energy  of  250  MeV  the  amorphous  material  9KCP 
(Metglas  2605)  with  the  following  characteristics  was  used:p 
2/|i,=4000,  p=l,3*10-6ohin»m  A2=25*10-V,  A 

l=8*10‘^m,  d=0,02m,  a=0,117m,  b=0,21in.  Experimental 
and  calculated  characteristics  for  this  material  are  shown  in 
Fig.  2  also. 


Figure2.  Characteristics  of  the  cores:  1  is  tg5 
(calculated),  2  is  [p]/1000|i*  (experimental),  3  is  [|Li]/1000p, 
(calculated). 

The  accelerating  system  consists  of  two  simmetrical  left  and 
right  parts  (Fig.l).  Its  frequency  range  is  3,8-14,7  MHz,  the 
maximum  accelerating  voltage  supplied  to  the  gap  is  600  V, 
L=  0,1m,  C=  60  pF,  the  total  number  of  the  cores  is  10. 
There  are  four  cavities  of  this  type  in  the  accelerator.  The 
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experimental  and  calculated  absolute  values  of  the  input 
impedance  [Z]  for  the  left  or  right  part  of  the 

accelerating  system  calculated  with  the  use  of  (1)  are 
shown  in  Fig.3. 


Figure  3  .  Input  impedance  of  the  cavity :  1  is 
[Z]  (calculated) ,  2  is  [Z]  (experimental) . 

According  to  these  results  the  system  is  unresonant  and 
it  is  analogous  to  the  systems  presented  in  [3,  4].  The 
advantage  of  the  system  is  the  small  variation  of  its  input 
impedance  in  a  wide  frequency  range.  The  analysis  of 
different  versions  of  this  type  of  accelerating  systems 
shows  that  such  systems  are  suitable  for  lower 
frequencies  of  the  accelerating  voltage.  For  example  the 
accelerating  system  of  the  medical  proton  synhrotron  with 
the  energy  of  220  MeV,  the  frequency  range  is  0,8  -  3,6  MHz, 
L=0,18  m,  a=  0,07m,  b=  0,21m,  has  the  impedance 
changing  between  500  Ohm  and  700  Ohm. 
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ABSTRACT 

A  new  design  for  an  accelerating  structure  in  which 
charged  particles  experience  continuous  acceleration  and 
focusing  is  proposed.  The  structure  is  excited  in  the  TM 
mode  (not  RFQ  TE  mode).  Our  calculations  show  high 
intercell  coupling  for  the  rf  flow  at  no  loss  of  efficiency  in 
comparison  to  other  rf  structures.  This  makes  the  structure 
insensitive  to  manufacturing  and  misalignment  errors. 
Manufacturing,  assembly,  and  tuning  should  not  be  difficult. 
Our  design  can  be  scaled  to  operate  over  a  broad  range  of 
wavelengths  and  can  be  made  from  superconductive 
material.  Our  calculations  show  that  the  structure  can 
efficiently  accelerate  a  wide  range  of  particles,  from  low 
velocity  ions  to  high  energy  electrons.  Thus,  it  can  bring 
particles  from  energies  of  several  MeV  (right  after  RFQ  pre¬ 
acceleration)  to  hundreds  of  MeV.  Our  conclusions  are 
based  on  the  results  of  three-dimensional  numerical 
simulations. 


INTRODUCTION 

Many  particle  accelerators,  such  as  linear  colliders, 
FELs,  high  beam  current  accelerators,  and  so  on,  require 
very  high  quality,  low  emittance  beams.  In  addition  to  low 
emittance,  it  is  advantageous  if  the  beam  is  under  continuous 
transverse  focusing  to  minimize  particle  losses  during  beam 
transport.  This  transverse  focusing  counteracts  the  de- 
focusing  effects  of  space  charge  forces  in  the  beam. 

Several  very  effective  schemes  have  been  developed  that 
use  magnetic  fields  for  focusing.  However,  at  low  particle 
velocities,  magnetic  focusing  becomes  inefficient,  and  the 
design  tends  to  be  complicated  and  expensive. 

A  significant  improvement  came  with  the  use  of  the  RFQ 
accelerator,  which  uses  rf  fields  for  continuous  acceleration 
and  focusing,  and  delivers  a  high  quality  particle  beam  of  up 
to  several  MeV  of  energy.  At  these  energies,  the  beam  can 
then  be  injected  into  a  magnetically  focused  drift  tube  (DT) 
linac.  The  transition  between  the  two  accelerators  is  sensitive 
to  the  proper  matching  of  space  emittance,  and  without  such 
matching,  beam  current  losses  may  be  significant. 

In  studying  this  problem,  we  concluded  that  an  extension 
of  the  spatial  focusing  and  acceleration  principle  would 
improve  matching  between  two  accelerators  and  would 


minimize  beam  loss.  We  have  therefore  designed  a  radio¬ 
frequency  focusing  (RFF)  accelerating  structure  that  fulfills 
requirements  for  a  smooth  transition  between  RFQ  and  DT 
linacs. 

Our  structure  can  be  designed  not  just  for  low  energy 
particles,  but  for  energies  up  to  100  MeV.  At  this  energy,  the 
particles  can,  if  desired,  be  injected  directly  to  the  coupled 
cavity  (CC)  linac,  bypassing  the  use  of  the  DT  linac. 


DESCRIPTION  OF  THE  RADIO¬ 
FREQUENCY  FOCUSING  (RFF) 
ACCELERATING  STRUCTURE 

The  design  of  the  RFF  accelerator  section  is  shown  in 
Figure  1.  The  section  consists  of  a  cylinder  with  a  pair  of 
specially  designed  plungers  protruding  from  the  cylinder 
wall,  toward  the  cylinder  axis.  A  full  cavity  is  generated  by 
introducing  a  second  pair  of  plungers  into  the  cylinder  at  a 
distance  L  =  P  *  X/2  and  rotated  by  90  degrees. 


Figure  1  Cross-Section  of  the  Structure 

A  cutaway  view  of  the  section  is  shown  in  Figure  2,  The 
diameter  of  the  cylinder  is  variable  and  is  indirectly 
dependent  on  the  particle  velocity.  For  velocity  v  =  0.4  c,  the 
diameter  equals  36  cm,  at  wavelength  equal  to  about  70  cm 
(425  MHz).  The  half-cavity  on  each  end  of  the  full  cavity 
completes  the  design  used  for  our  computations. 
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Figure  2  Cutaway  View  of  the  Section 

When  the  structure  is  excited  in  a  TC  mode,  particles 
traveling  along  the  z-axis  are  accelerated  in  the  space 
between  the  two  pairs  of  plungers,  and  are  focused  as  they 
pass  through  the  gap  between  each  pair  of  plungers.  The 
ratio  of  acceleration  to  focusing  strength  can  be  adjusted  by 
changing  the  ratio  of  the  space  between  the  two  pairs  of 
plungers  to  the  thickness  of  the  plungers.  The  periodicity  of 
the  structure  is  determined  by  planes  of  symmetry  (end 
plates)  which  can  be  moved  along  the  z-axis  to  allow 
calculations  of  additional  properties  of  the  structure. 

We  have  identified  a  second,  higher  order  mode 
(designated  as  2n  mode)  that  can  be  used  for  the  same 
purposes  as  the  n  mode,  but  with  a  periodicity  that  covers 
two  cavities.  This  mode  displays  excellent  properties  for 
acceleration  and  focusing  of  lower  energy  particles, 
particularly  below  v  =  0.2  c.  The  structure  has  continuous 
radiofrequency  acceleration  and  focusing,  and 
considerably  less  complicated  than  DT  linacs. 

The  calculated  intercell  coupling  coefficient  reaches  a 
value  of  0.4,  making  it  insensitive  to  manufacturing  errors. 
Furthermore,  rf  tuning  can  be  accomplished  by  slight 
changes  of  cell  geometry.  For  example  an  increase  of 
cylinder  geometry  decreases  the  resonant  frequency  of  the 
cavity.  Similarly,  decreasing  the  gap  between  the  pairs  of 
plungers  also  decreases  the  resonant  frequency.  The  separate 
parts  of  the  structure  are  relatively  easy  to  manufacture  and 
assemble,  and  because  the  individual  cells  can  be  made  from 
a  single  piece  of  metal,  it  is  a  good  candidate  for  a 
superconductive  structure. 


RESULTS  OF  THE  COMPUTATION 

We  performed  calculations  using  our  three-dimensional, 
finite  difference  code  developed  for  an  80486-based  IBM 
PC.  The  calculated  fields  of  the  representative  section  are 
shown  in  Figure  3.  Figure  3  a  illustrates  our  calculations  of 


a)  Z  =  7.06  cm  b)Z  =  21.2cm 

Figure  3  Vector  Plots  of  Ex,Ey  Fields  in  X,Y  Plane 


the  Ex  and  Ey  components  in  the  X,Y  plane  at  the  position 
of  the  first  pair  of  plungers.  Similarly,  Figure  3b  illustrates 
the  Ex  and  Ey  components  in  the  same  plane  at  the  position 
of  the  second  (Y-direction)  pair  of  plungers  (half 
wavelengths  apart  in  the  Z-direction  and  rotated  90°).  In 
both  cases,  the  focusing  components  of  E  fields  are  indicated 


Figure  4  Vector  Plots  of  Fields  in  X,Z 
and  Y,Z  Planes 


by  arrows.  In  Figures  4a  and  4b,  we  show  the  g 
accelerating  component  in  the  X,Z  and  Y,Z  planes, 
respectively. 


In  Figure  5,  we  show  field  profiles  in  several  planes  of 
the  cavity.  Figure  5a  illustrates  the  focusing  component  Ex 
as  a  function  of  axial  distance  Z.  The  high  value  of  Ex 
occurs  in  the  space  between  the  first  pair  of  plungers,  while 
its  value  is  much  smaller  in  the  gap  of  the  second  pair.  The 
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values  of  the  Ey  component  are  reversed:  in  the  gap  of  the 
first  pair  of  plungers,  Ey  has  a  small  value,  while  its  value 
peaks  in  the  space  between  the  second  pair  of  plungers.  This 
is  shown  in  Figure  5b, 


a)  Relative  Ex  Field  vs.  Z  b)  Relative  Ey  Field  vs.  Z 


Figure  5  Field  Profiles 


Figure  6  shows  the  accelerating  component  Ez  along  the 
Z-axis,  where  one  can  see  the  periodicity  of  the  accelerating 
field.  Figure  7  shows  the  value  of  field  component  Ex  across 
the  cavity  in  the  X  direction,  taken  in  the  middle  of  the 
cavity  in  the  Z  direction. 


Figure  6  Relative  Ez  Field  vs.  Z 


Figure  7  Relative  Ex  Field  vs.  X,  in  the  Axial 
Center  of  the  Cavity 


CONCLUSION 

Our  RFF  accelerating  structure  offers  efficient  transport 
of  particles  for  a  wide  range  of  energies.  The  ease  of 
manufacturing  and  tuning  makes  the  structure  attractive  for 
a  variety  of  applications,  and  the  sinplicity  of  our  design 
makes  it  possible  to  explore  its  use  in  superconducting 
accelerators. 

At  this  time,  we  have  no  results  of  calculations  for  the 
tracing  of  particle  trajectories  in  the  structure  section. 
However,  based  on  our  preliminary  analysis,  we  have 
concluded  that  beam  quality  will  be  preserved  after  transport 
of  the  beam  through  the  chain  of  RFF  sections.  We  expect  to 
continue  our  study  in  this  direction. 
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Abstract 

A  spark  detection  system  was  constructed  at  the  test  station  for 
the  400  MeV  Linac  Upgrade  at  Fermilab.  To  locate  sparks  in  RF 
Cavities  we  placed  five  Ion  Gauge  Detectors  along  an  accelerat¬ 
ing  module.  The  method  used  in  detecting  the  spark  location  is 
based  on  the  fact  that  sparks  create  pressure  disturbances  which 
travel  throughout  the  cavity.  Pressure  signals  from  all  five  detec¬ 
tors  are  amplified  using  relatively  fast  amplifiers  and  then  dig¬ 
itally  recorded  or  monitored  on  the  scope.  The  data  recording 
is  triggered  by  spark  generation  and  data  are  recorded  at  a  15 
Hz  repetition  rate.  The  system  was  also  used  to  study  different 
schemes  for  preferential  spark  generation  at  times  that  would  be 
least  detrimental  to  accelerator  operations. 

INTRODUCTION 

The  Fermilab  Linac  Upgrade  has  increased  the  energy  of  the 
H~~  linac  from  201  to  401.5  MeV[l].  This  was  achieved  by  re¬ 
placing  the  last  four  201.24  MHz  drift-tube  linac  cavities  with 
seven  804.96  MHz  side-coupled  cavity  modules.  Each  module, 
is  made  of  four  sections  of  16  accelerating  cavities  (Figure  1). 
They  operate  in  a  7r/2  mode,  and  each  accelerating  cell  is  cou¬ 
pled  to  the  next  by  a  coupling  cell.  The  end  coupling  cell  is 
connected  to  a  bridge  coupler.  The  bridge  coupler  passes  the  RF 
power  from  one  section  to  the  next  around  the  quadrupole  mag¬ 
net.  The  power  is  fed  to  the  module  through  the  center  bridge 
coupler.  Up  to  12MW  of  RF  power  is  pulsed  at  15Hz  for  60  - 
120  microseconds. 

Since  the  new  side-coupled  linac  had  to  fit  in  the  space  va¬ 
cated  by  the  last  four  drift-tube  tanks  and  provide  more  energy 
gain,  the  accelerating  gradient  had  to  be  about  7.5  MV/m  or 
about  three  times  higher  than  in  the  DTL.  This  high  gradient 
lead  to  concern  early  in  the  project  that  sparking  could  reduce 
the  reliability  of  the  linac  to  an  unacceptable  level.  The  pur¬ 
pose  of  the  upgrade  was  to  increase  the  beam  intensity  in  the 
8  GeV  Booster  and  thus  increase  the  luminosity  of  the  collider. 
Too  much  sparking  would  reduce  reliability  and  reduce  the  av¬ 
erage  beam  intensities  delivered[l].  Another  concern  was  that 
too  much  sparking  if  localized  at  one  spot  could  permanently 
damage  an  accelerating  module.  To  resolve  such  questions,  we 
constructed  a  spark  detection  system  used  during  cavity  testing 
in  1991  and  1992  which  is  described  in  next  section. 

METHOD 

To  locate  sparks  in  Linac  Upgrade  side-coupled  cavities  we 
placed  five  ion  gauge  detectors  as  indicated  in  Figure  1.  The 
method  used  in  detecting  the  spark  location  is  based  on  the 

*  Operated  by  the  Universities  Research  Association  under  contract  with  the 
U,  S.  Department  of  Energy 


fact  that  sparks  are  creating  pressure  disturbances  which  travel 
through  the  structure.  The  detector  which  is  located  the  short¬ 
est  distance  from  the  spark  will  detect  the  largest  and  sharpest 
pressure  burst.  Due  to  the  fact  that  cavity  modules  are  very  com¬ 
plicated  internally  (Figure  2),  we  were  able  to  locate  spark  po¬ 
sitions  only  approximately  with  our  method.  Pressure  signals 
fi’om  the  five  detectors  are  amplified  using  relatively  fast  am¬ 
plifiers  and  then  digitally  recorded  or  monitored  on  the  scope. 
Input  currents  from  the  ion  gauges  range  from  3  nA  to  1  fia  and 
the  response  time  of  the  system  is  about  300  fisec. 

Figure  3  shows  signals  from  the  five  ion  gauges  during  a  15 
minute  period.  Sharp  spikes  (in  arbritrary  units)  show  when 
sparks  were  detected  by  these  devices  during  this  period.  Con¬ 
tinuous  monitoring  has  lead  us  to  the  conclusion  that  the  ma¬ 
jority  of  sparks  do  not  occur  in  the  side-coupling  cell.  During 
steady  state,  the  coupling  cells  do  not  dissipate  much  power. 
However,  while  the  cavities  are  filling  and  emptying  this  may 
not  be  the  case.  In  the  structures  such  as  these,  with  high  fields, 
this  power  dissipation  can  produce  high  currents  and  voltages 
that  may  lead  to  sparking  in  areas  other  than  the  accelerating¬ 
cell  nose  cones.  We  were  able  to  monitor  the  field  in  each  accel¬ 
erator  section  and  did  not  see  a  large  number  of  sparks  generated 
during  the  filling  or  decay  of  the  RF  power.  Based  on  this,  we 
believe  that  most  of  the  sparks  are  generated  at  accelerating-cell 
nose  cones. 

To  locate  the  approximate  location  where  a  spark  has  oc¬ 
curred,  we  have  used  pressure  data  recorded  for  about  3  seconds 
after  a  spark  occurrence.  Each  frame  in  Figure  4  represents  sig¬ 
nals  from  Ion  Gauge  Detectors  as  a  function  of  time.  The  data 
recording  is  triggered  by  a  large  reflected  RF  power  signal.  The 
data  are  recorded  for  fifty  15  Hz  intervals  after  the  large  reflected 
RF  power  is  detected.  The  four  frames  are  traces  of  pressure 
bursts  created  by  four  different  sparks.  In  Frame  1,  Ion  Gauges 
1  and  2  have  recorded  pressure  bursts.  From  the  relative  sizes  of 
the  peaks  we  can  conclude  that  spark  has  occurred  in  Section  1 
in  the  region  between  Ion  Gauge  1  and  bridge  coupler  connect¬ 
ing  Sections  1  and  2.  From  similar  traces  in  Frame  4,  we  can 
conclude  that  a  spark  has  occurred  in  the  central  bridge  coupler 
on  the  end  connected  to  Section  3.  The  vertical  axis  is  in  arbi¬ 
trary  units,  and  the  vertical  label  is  a  time  record  denoting  when 
the  spark  occurred.  The  91100214543713  stands  for  91/10/02 
(Oct-02-91)  at  14:54:37  and  13  th  of  15Hz  pulses. 

A  spark  detection  system  was  also  used  for  monitoring  the 
randomness  of  spark  generation.  A  concern  was  that  too  much 
sparking  at  one  spot  could  permanently  damage  an  accelerating 
module.  Figure  5  shows  a  number  history  of  spark  accumula¬ 
tion  as  recorded  by  five  ion  gauges.  During  a  period  of  14  hours 
(7.56  X  10^  RF  pulses),  there  were  418  sparks.  As  can  be  seen 
from  Frame  1,  Section  1  was  initially  very  active,  but  a  major¬ 
ity  of  the  sparks  occurred  in  Section  4.  Close  examination  of 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1838 


RF  in  Brige  Coupler 


individual  traces  did  not  show  any  accumulation  at  a  particular 
spot.  During  the  conditioning  period  no  consistent  pattern  was 
found  in  the  distribution  of  sparks.  A  section  may  be  active  for  a 
couple  of  hours  and  after  that  remain  quiet  for  a  day  or  two.  The  e 

bridge  coupler  was  generally  a  place  with  minimal  sparking. 

o 

CONCLUSION  I  “ 

o 

Although  initial  voltage  conditioning  of  the  high-gradient  I 
805  MHz  side-coupled  modules  did  not  progress  as  quickly  as  |  ^ 

hoped,  the  method  presented  here  gave  us  confidence  to  proceed  § 
with  high  power  RF  conditioning  even  at  high  sparking  rates.  z 

Today  the  sparking  rate  in  the  operating  400  MeV  linac  is  bel¬ 
low  0.01%,  and  sparking  does  not  have  any  noticeable  effect  on 
operations. 
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Figure  3.  Continues  recording  for  15  minutes  (13500  RF 
pulses) 


Figure  2.  Possible  spark  locations:  a)  accelerating-cell  nose 
cones,  b)  coupling-cell  nose  cones,  c)  coupling  slots 


Figure  4.  Ion  Gauge  signals  created  by  four  different  sparks 
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Abstract 

The  RF  frequency  is  178,5  MHz.  An  amplifier  built  by 
the  QEI  corporation  provides  50  KW  power.  All  the  power 
feeds  to  a  single-cell  RF  cavity,  built  by  BINP  at  Novosibirsk, 
Russia,  giving  a  gap  voltage  of  720  KV.  An  ANT  circulator  is 
used  in  the  feed  line.  There  are  four  basic  feed-back  loops  to 
stabilize  the  system  operation  :  1)  Cavity  frequency  tuning 
loop.  2)  Cavity  voltage  control  loop.  3)  RF  phase 
stabilization  loop.  4)  Synchrotron  oscillation  damping  loop. 
The  whole  system  has  been  tested  and  operated  since 
December  1993.  It  has  provided  secure  and  stable  operation 
for  the  storage  ring, 

L  RF  PARAMETERS 

The  main  parameters  of  the  RF  system  for  the  Duke 
storage  ring  are  given  in  Table  1. 


TABLE  1 

RF  system  Parameters 


Electron  Beam  Energy 

1  GeV 

Synchrotron  radiation  loss  per  turn 

42KeV 

Ring  circumference 

107.46  meter 

Rf  frequency 

178.547  MHz 

Harmonic  Number 

64 

Available  RF  power 

50  KW 

Cavity  shunt  impedance 

1 1  M  Ohms 

Cavity  coupling  coefficient 

1.78 

Maximum  peak  cavity  voltage 

720  KV 

Cavity  unloaded  Q 

40,000 

Cavity  frequency  tuning  rang 

360  KHz 

II.  RF  CAVITY 

The  RF  cavity  is  made  of  copper-clad  stainless  steel.  It  is 
designed  to  have  an  operational  capability  of  200  KW  CW 
power.  The  operating  power  is  limited  by  its  coupling  loop 
which  is  not  water  cooled.  The  cavity  itself  has  an  adequate 
cooling  water  system.  There  are  five  cooling  water  channels 
around  the  cavity  and  a  total  water  flow  of  16  gallons  per 
minute.  Tests  show  a  20  KHz  resonant  frequency  shift  when 


*  Work  supported  by  U.S.  Air  Force  Office  of  Scientific  Research 
Grant  F49620-93- 1-0590  and  U.S.  Army  Space  &  Strategic  Defense 
Command  Contract  DASG60-89-C-0028. 


the  RF  power  to  the  cavity  is  raised  from  zero  to  50  KW.  The 
maximum  temperature  difference  across  the  cavity  wall  is  18 
degrees  Centigrade  at  full  power. 

There  are  four  mechanical  plunger  tuners  on  the  cavity. 
Two  tuners  are  for  fundamental  mode  and  the  other  two  are 
designed  to  shift  the  high-order  mode  frequencies  but  not 
affect  the  fundamental  mode.  The  two  high  order  mode  tuners 
are  tuned  manually  in  the  control  room  for  better  beam 
stability.  The  two  fundamental  mode  tuners  are 
automatically  adjusted  to  compensate  for  reactive  beam 
loading  and  thermal  deformation,  they  provide  a  total 
frequency  tuning  range  of  360  KHz. 

The  cavity  is  fed  by  an  air-filled  coax  line  through  a 
ceramic  window.  The  coax  line  connected  to  the  cavity  has  an 
impedance  of  75  ohms.  The  rest  of  the  coax  lines  are  50-ohms 
impedance.  An  impedance  adapter  from  50  to  75  ohms  is 
installed  between  them. 

A  more  detailed  description  about  this  cavity  can  be 
found  in  the  reference  [1]. 

III.  POWER  AMPLIFIER  AND  CIRCULATOR 

The  50  kW  output  stage  uses  a  single  Eimac 
4CW100000E  tetrode  with  a  water  cooled  plate.  The  tube  is 
operated  in  a  grounded  grid  configuration.  Air  cooling  is  used 
for  the  output  cavity  and  the  control  grid.  At  full  output,  the 
stage  gain  is  approximately  12  dB  and  the  plate  efficiency  is 
typically  50%.  The  plate  power  supply  input  is  480  Volt, 
three  phase  delta,  with  twelve  pole  output  to  the  rectifiers. 
This  unregulated  supply  can  deliver  over  100  kW 
continuously  at  8.5  KV.  The  output  stage  and  its  associated 
power  supplies  occupy  two  19X78  inch  cabinets.  Sixteen 
solid  state  modular  amplifiers  drive  the  output  tetrode  via 
combiners.  Each  amplifier  is  rated  at  250  Watts.  The  nominal 
stage  gain  is  14  dB.  Two  more  of  these  modules  are  used  as 
low  level  drivers,  also  with  a  14  dB  stage  gain.  These 
amplifiers  are  powered  by  nine  switch  mode  regulated  power 
supply  modules.  A  solid  state  pre-amplifier  with  a  maximum 
nominal  output  of  10  Watts  provides  an  additional  40  dB  of 
gain,  so  that  full  output  can  be  achieved  with  an  RF  input  of 
less  than  1  mW.  The  solid  state  amplifiers,  their  associated 
power  supplies  and  the  control  circuits  are  contained  in  two 
more  cabinets. 

A  three  port  circulator  rated  at  150  kW  was  installed 
between  the  50  kW  amplifier  and  the  RF  cavity.  The  ports  are 
all  6.125-inch  El  A  coax.  The  circulator  was  supplied  by  ANT 
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Telecommunications  Incorporated,  and  after  sales  service  is 
being  provided  by  Advanced  Ferrite  Technology.  This 
circulator  is  fitted  with  arc  detection  and  temperature 
compensation.  The  forward  loss  is  under  0.15  dB  and  the 
isolation  provided  is  greater  than  20  dB.  The  circulator  is 
connected  to  a  regulated  water  circulating  loop  which 
maintains  a  temperature  of  34  degrees  centigrade  at  all  times. 
Operation  above  ambient  temperature  ensures  that  water  films 
are  not  formed  on  the  ferrite  surfaces  in  the  circulator. 

IV.  CONTROL  CIRCUITS 

The  control  circuits  deal  with  the  control  and 
stabilization  of  the  amplitude  and  phase  of  the  RF  field  in  the 
cavity.  Interlocks  for  the  cooling  water,  cavity  vacuum  and 
personal  safety  are  also  provided.  There  are  four  feedback 
loops  as  follows: 

1 )  Cavity  frequency  tuning  loop: 

This  feedback  loop  compares  the  RF  phase  of  the  field 
in  the  cavity  to  the  phase  of  the  input  signal  to  the  cavity  and 
uses  the  resulting  difference  to  operate  the  tuners  via  a  DC 
motor.  The  phase  comparison  is  made  by  converting  both  RF 
signals  to  2.79  MHz  via  a  mixer;  Then  the  phase  is  measured 
by  the  duty  factor  of  the  intermediate  frequency  output  after 
the  amplitude  limiter.  This  phase  detector  circuit  has  a 
sensitivity  of  50  mV  /  per  degree.  The  same  type  of  phase 
detectors  are  also  used  in  the  phase  stabilization  loop  and 
synchrotron  oscillation  damping  loop. 

2)  Cavity  voltage  control  loop 

This  feedback  loop  compares  the  field  amplitude 
detected  from  the  cavity  sampling  loop  to  a  fixed  reference 
voltage.  The  resulting  signal  is  applied  to  a  gain-controlled 
amplifier  in  the  drive  line  to  the  transmitter. 

3)  Phase  stabilization  loop 

The  main  function  of  this  loop  is  to  lock  the  field  vector 
in  the  RF  cavity  to  the  RF  signal  generator.  The  RF  signal 
detected  from  the  cavity  sampling  loop  is  compared  with  a 
reference  signal  which  is  derived  from  the  RF  generator.  Its 
output  signal  is  used  to  drive  a  phase  shifter  in  the  RF  drive 
line.  The  phase  shifter  is  made  by  two  LC  resonant  circuits 
with  two  voltage  variable  capacitance  (VVC)  diodes  as 
control  elements.  The  phase  range  is  over  360  degrees. 

4)  Synchrotron  oscillation  damping  loop 

This  loop  samples  beam  signal  from  one  of  the  beam 
position  monitors.  After  a  frequency  filter,  the  178.5  MHz 
beam  signal  is  compared  with  the  reference  signal  in  a  phase 
detector.  Its  output  signal  is  used  to  drive  the  same  phase 
shifter  in  the  phase  stabilization  loop.  The  loop  has  a 
frequency  response  of  4-20  KHz  which  covers  all  the 
synchrotron  frequencies  at  different  machine  configurations. 

The  entire  system  can  be  operated  locally  or  remotely 
by  the  EPICS  (Experimental  Physics  and  Industrial  Control 
System,  provided  by  Los  Alamos  National  Laboratory) 


control  system  using  Allen  Bradley  control  hardware  (see  [2]). 
The  operator  can  choose  either  of  the  following  two  operation 
modes  in  the  control  room,  a)  setting  desired  cavity  voltage 
and  cavity  resonant  phase,  the  system  determines  the  RF 
power  needed  and  stabilizes  at  that  level,  b)  setting  the 
coupling  loop  current  which  corresponds  the  RF  power  in  the 
cavity,  after  the  cavity  voltage  is  chosen  the  system 
determines  the  resonant  phase  and  vice  versa. 

This  loop  also  keeps  the  phase  of  stored  beam  locked  to 
the  phase  of  RF  generator  which  also  is  the  source  of  timing 
system 

V.  OPERATION  AND  FUTURE  PLANS 

The  RF  system  has  been  in  operation  with  manual 
control  since  December  of  1993.  With  on  site  support  from 
QEI,  ANT  and  BINP,  the  system  was  debugged  and 
characterized.  The  control  and  read  back  circuits  were 
integrated  with  the  high  level  control  system  known  as  EPICS. 
In  November  1994  the  first  stored  beam  was  achieved  and  the 
optimum  control  settings  were  determined  within  a  few  weeks 
(see  [3]). 

Our  long  term  objective  is  to  increase  the  output  power 
capability  to  150  kW,  at  which  point  the  circulator  will 
become  the  limiting  factor.  In  the  near  term  there  are  some 
upgrades  that  are  being  considered. 

The  power  supplies  for  the  solid  state  amplifier  stages 
generate  noise  at  harmonics  of  the  20  KHz  switching 
frequency.  Harmonics  derived  from  the  line  frequency  are 
coming  through  the  output  tube  plate  supply.  An  inexpensive 
approach  to  reducing  these  noise  sources  is  being  studied. 

To  date  we  have  not  needed  to  run  the  amplifier  above 
15  kW  for  storage  ring  operations.  Before  full  output  can  be 
used,  power  output  stability  must  be  improved.  Water  cooling 
the  output  cavity  seems  to  be  simple  to  implement  and 
inexpensive,  but  other  approaches  are  being  considered. 
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Abstract 

Permanent  magnet  symmetric  (PMS)  lens  is  considered  as  the 
final  focusing  element  for  the  RFQ  linac  at  ICR.  The  PMS 
lens,  which  produces  strong  axial  magnetic  field  like  a  solenoid 
lens,  is  composed  of  radially  magnetized  permanent  magnet 
rings.  Because  of  the  low  injection  energy  (50  keV)  and  a  rela¬ 
tively  high  beam  current  intended  (20  mA),  space-charge  effects 
should  be  taken  into  account.  The  beam  tracking  code  PARM- 
SYL  is  developed  for  the  purpose,  which  first  reads  an  output 
file  (TAPE35)  from  PANDIRA  for  the  PMS  field  and  then  nu¬ 
merically  integrates  the  equation  of  motion  including  the  space- 
charge  force  The  matching  section  to  the  RFQ  is  designed  using 
this  code  and  TRACE-3D. 

L  INTRODUCTION 

At  Institute  for  Chemical  Research  (ICR),  Kyoto  University, 
the  proton  linac  consisting  of  a  2  MeV  RFQ  linac  and  a  7  MeV 
Alvarez  linac  has  been  operated  since  1992[1].  Various  mechan¬ 
ical  improvements  are  in  progress  to  increase  the  beam  current 
up  to  20  mA.  In  this  paper,  the  design  of  a  new  focusing  element 
for  matching  the  beam  to  the  RFQ  acceptance  is  reported. 

Figure  1  illustrates  the  layout  of  the  low  energy  beam  trans¬ 
port  (LEBT)  of  the  ICR  proton  linac.  It  is  composed  of  an  einzel 
lens,  a  triplet  of  electrostatic  quadrupoles  (ESQ),  two  doublets 
of  ESQ,  a  bending  magnet  (called  Mixing  Magnet)  having  the 
deflection  angle  of  45® ,  and  a  solenoid  lens.  The  estimated  beam 
emittance  in  LEBT  is  about  100  tt  mm-mrad  (unnormalized), 
which  is  used  in  the  calculations  in  this  paper. 

In  preliminary  experiments,  it  was  found  that  the  trans¬ 
portable  beam  current  was  strongly  limited  by  space-charge  ef- 


fects.[2]  After  the  improvement  of  the  Mixing  Magnet,  the  cur¬ 
rent  is  now  8  mA  roughly  ten  times  higher  than  before[3].  The 
current  measured  after  the  Alvarez  linac  was  only  0.7  mA  due 
to  beam  mismatch  at  the  entrance  of  the  RFQ.  An  extra  focusing 
device  is  thus  needed  to  achieve  a  higher  transmission  efficiency. 

For  the  simultaneous  acceleration  of  both  positive  and  nega¬ 
tive  ions  planned  in  the  future,  focusing  elements  with  axially 
symmetric  fields  are  suitable  for  LEBT.  Since  the  beam  should 
be  strongly  focused  and  has  a  large  taper  angle,  it  is  effective  to 
put  a  focusing  device  near  the  entrance  of  the  RFQ.  This,  how¬ 
ever,  causes  the  space  limitation  for  the  lens. 

One  candidate  for  such  a  focusing  device  is  PMS  lens,  since 
the  use  of  a  strong  permanent  magnet  material  allows  us  to  re¬ 
duce  its  size  and,  further,  the  PMS  field  is  axially  symmetric. 
The  evaluation  of  the  performance  of  the  PMS  lens  is  made  in 
the  following  sections. 


Figure.  2.  Radially  magnetized  permanent  magnet  ring. 


IL  PERMANENT  MAGNET  SYMMETRIC  LENS 

A  radially  magnetized  permanent  magnet  ring  (see  Figure  2) 
with  anisotropic  material  such  as  Nd-Fe-B  generates  axial  mag¬ 
netic  field  and  works  like  a  solenoid  lens[4][5].  The  magnetic 
field  of  one  ring  indicated  either  by  ’  Ring  T  or  ’  Ring  2'  is  shown 
in  Figure  3,  where  Ring  1  and  Ring  2  are  oppositely  magne¬ 
tized.  Putting  these  two  rings  side  by  side,  the  superposed  mag¬ 
netic  field  in  the  axial  direction  becomes  like  the  thick  solid  line. 
Since  the  focusing  strength  of  a  solenoid  lens  is  proportional  to 
the  integration  of  the  square  of  the  magnetic  field  strength  along 
the  axis,  this  axial  superposition  is  quite  effective. 

As  the  permanent  magnet  material,  the  anisotropic  permanent 
magnet  NEOMAX-40  (nominal  remanent  field  Br  -  1.29  T) 
produced  by  Sumitomo  Special  Metal  Co  .LTD.  was  adopted. 
Because  of  the  low  beam  energy  (50  keV)  and  the  low  duty 
factor  (1  %  maximum),  the  radiation  damage  is  expected  to  be 
negligible  and  no  special  cooling  device  will  be  attached. 
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Figure.  3.  Magnetic  field  distribution  generated  by  Ring  1  (thin 
solid  line),  Ring  2  (dashed  line)  and  their  superposition  (thick 
solid  line). 

III.  PARMSYL 

The  magnetic  field  of  a  PMS  lens  is  calculated  with 
PANDIRA[7].  To  estimate  the  focusing  strength  and  aberra¬ 
tion  of  the  lens,  we  developed  the  tracking  code  PARMSYL 
(PARticle  Motion  in  SYmmetric  Lens).  The  code  interpolates 
the  magnetic  field  data  from  PANDIRA  stored  in  the  output 
file  (TAPE35)  and  then  integrates  the  equation  of  motion  of  a 
charged  particle.  In  the  integration  process,  space-charge  is  con¬ 
sidered  assuming  a  uniform  beam  density. 

The  code  tracks  particles  on  beam  boundary  in  phase  space, 
and  outputs  the  focal  length  and  aberration  factor  of  the  con¬ 
sidered  lens.  The  aberration  factor  is  defined  as  the  ratio 
of  the  focusing  strength  felt  by  the  particle  close  to  the  lens 
axis  to  that  felt  by  the  outermost  particle  (i.e.  f  B^(r  = 
Omm)dz/  f  B^(r  =  rmaxjdz). 

IV.  BEAM  MATCHING 

A.  Acceptance  of  the  RFQ 

The  RFQ  acceptance  was  evaluated  with  the  computer  code 
PARMTEQ[8].  From  the  simulation,  it  was  found  that  the  trans¬ 
mission  of  the  RFQ  was  over  90  %  with  the  input  beam  emit- 
tance  of  160  Tr  mm  mrad  (unnormalized)  in  the  intensity  region 
of  0  ~  20  mA.  Although  the  value  depends  on  beam  current, 
160  TT-mm-mrad  is  used,  in  the  following  calculations,  as  the 
RFQ  acceptance. 

R.  Design  of  a  PMS  lens 

At  present,  the  best  PMS  design  for  the  final  focusing  device 
is  the  three-ring  PMS  lens  shown  in  Figure  4.  The  beam  comes 
from  left  side  in  the  figure.  It  has  two  small  rings  installed  in  the 
endplate  of  the  RFQ  and  a  large  ring  placed  outside  of  the  end- 
plate.  The  inner  surfaces  of  the  magnets  are  tapered  following 
the  shrinkage  of  the  beam  envelope.  The  edges  of  the  magnets 


Figure.  4.  Shape  of  the  PMS  lens.  Only  upper  half  is  shown. 


Figure.  5.  Output  from  PARMSYL  at  the  current  of  20  mA. 

are  rounded  to  reduce  the  aberration  which  distorts  the  beam  el¬ 
lipse.  The  typical  output  from  PARMSYL  is  given  in  Figure  5. 
The  axial  field  and  radial  field  By /rats  well  as  particle  orbits 
are  shown. 

The  Twiss  parameters  (a,  /?)  appropriate  for  matching  were 
found  to  be  (-1.49,  1.44),  (0.00,  1.44)  and  (1.28,  2.10)  at  the 
PMS  entrance  when  the  beam  currents  were  0  mA,  10  mA  and 
20  mA,  respectively  (see  Figure  6).  In  the  figure,  the  distorted 
beam  ellipses  are  shown  together  with  the  RFQ  acceptance  (dot¬ 
ted  line).  More  than  90  %  overlap  of  the  two  ellipses  is  achieved 
in  each  case. 

C.  Matching  to  the  PMS  section 

TRACE-3D[6]  is  employed  to  adjust  the  Twiss  parameters  at 
the  entrance  of  the  PMS  section  by  using  the  strength  of  the  ESQ 
doublets  (see  Figure  1)  as  free  parameters.  Figure  7  shows  the 
matched  beam  envelope  at  the  current  of  20  mA. 

V.  SUMMARY 

The  PMS  lens  was  designed  with  PARMSYL  as  the  final  fo¬ 
cusing  device  to  the  RFQ.  Although  the  beam  ellipse  is  some¬ 
what  distorted  due  to  the  aberration  of  the  lens,  the  overlap  of 
more  than  90  %  is  achievable  between  the  input  beam  and  the 
RFQ  acceptance  at  the  beam  current  up  to  20  mA. 


1844 


-IS  40  -5  0  5  10  15 

X  [mm] 


Figure.  7.  The  matched  beam  envelope  between  the  einzel  lens 
and  the  PMS  section  at  the  current  of  20  mA  (calculated  with 
TRACE-3D) 
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Figure.  6.  Phase  space  plots  from  FARMS  YL. 
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A  design  study  at  Los  Alamos  of  a  linac/accumulator  ring 
facility  for  a  pulsed  neutron  spallation  source  calls  for  an  HT 
beam  with  a  chopped  structure  of  approximately  200-ns 
beam-free  segments  every  600  ns.  The  required  angular 
impulse  can  easily  be  provided  with  existing  pulse  power 
technology  and  traveling  wave  structures  with  a  transverse 
electric  field  similar  to  those  now  available  [1].  The  deflected 
beam  is  then  restored  by  suitable  collimation.  Chopping  is 
relatively  easily  done  at  sufficiently  low  energies,  where  the 
beam  is  easily  deflected,  and  beam  powers  are  not  too  large. 
However,  the  energy  should  be  high  enough  so  that  the  space- 
charge  blow-up  of  the  beam  can  be  controlled  with  adequate 
focusing.  LAMPF  presently  uses  a  traveling-wave  beam 
chopper  at  750  keV,  before  injection  into  the  drift-tube  linac 
(DTL).  In  the  new  linac  designs,  a  radio-frequency 
quadrupole  (RFQ)  linac  would  typically  bunch  and  accelerate 
the  high  intensity  beam  from  100  keV  to  7  MeV.  In  this 
paper,  we  present  concepts  for  beam-chopper  systems  both 
before  and  after  the  RFQ.  The  beam-optics  designs  are 
presented  together  with  numerical  simulation  results. 

L  CHOPPING  AFTER  THE  RFQ 

In  this  section  we  describe  the  concept,  the  preliminary  beam 
optics  design,  and  the  simulation  results  for  the  chopper  after 
the  7-MeV  RFQ.  The  design  concept  was  based  on  a  similar 
system  proposed  for  the  European  Spallation  Source  [2].  In 

.  v’ 


-g/2 

(yo.yo) 

-g/L 

Figure  1.  Phase  space  at  the  center  of  the  chopper. 

our  design,  we  have  three  long  drift  spaces,  each  over  one 
meter  in  length.  Three  drift  spaces  are  to  be  occupied  by  the 
chopper  (transverse  deflector),  a  collimator,  and  a  “restorer” 
(transverse  deflector)  as  described  below.  The  input  and 
output  of  this  transition  section  are  matched  to  the  output  of 

*Work  supported  by  the  LORD,  Los  Alamos  National  Laboratory 
under  the  auspices  of  the  US  Department  of  Energy. 


the  RFQ  and  the  input  to  the  DTL  respectively.  The  power  of 
the  fully  chopped  beam  bunches  can  be  removed  on  a  water- 
cooled  copper  or  graphite/copper  collimator  positioned  at  the 
second  drift  space.  To  handle  the  high  power  dissipation,  we 
propose  to  place  the  collimator  at  a  small  tilt  angle  with 
respect  to  the  beam  axis.  Such  placement  will  distribute  the 
thermal  load  over  the  entire  length  of  the  collimator.  Bunches 
that  arrive  at  the  chopper  plates  during  the  ~5-ns  rise  or  fall 
time  of  the  traveling  wave  are  partially  chopped  and  the 
transmitted  part  is  nearly  restored  to  the  optic  axis  by  an 
identical  traveling-wave  chopper  called  the  “restorer”.  The 
restorer  prevents  loss  of  the  partially  chopped  bunches  at 
higher  energy. 

A.  Concept 

The  y-/  phase  space  at  the  center  of  the  chopper  plates  is 
shown  in  Fig.  1.  L  is  the  length  and  g  is  the  separation 
between  the  plates.  Given  the  deflector  voltage  V,  the 
emittance  e,  and  the  separation  parameter  S,  we  calculate 
values  of  g  and  L  that  maximize  use  of  the  available  phase 
space  using  equations: 

L  =  8eSmc^p^/qV  and  g  =  8eP  [  S(l+S)mcVqV 

where  m  is  the  rest  mass,  Pc  is  the  particle  velocity  and  the 
unnormalized  emittance  is  defined  as  e  =  yo/o.  We  define  S  = 
A//2y'o,  where  A/  =  2VL/mc^P^g.  The  chopper  is  tilted  at  an 
angle  Ay'/2  for  optimal  use  of  the  rectangular  phase  space 
area.  Note  that  S  =  1  corresponds  to  minimum  deflection 
required  to  separate  deflected  and  undeflected  ellipses. 
Practical  limits  on  the  voltage  that  can  be  obtained  in  a  given 
rise  time  determine  the  maximum  value  of  V.  The  restorer  is 
identical  in  construction  and  operation  to  the  deflector. 

B.  Design  Studies 

The  design  procedure  is  to  choose  a  realistic  value  of  V,  and 
determine  the  geometry  parameters  using  the  above  equations 
for  a  given  value  of  S.  If  we  choose  V  =  2.0  kV  and  S  =  2, 
then  for  a  proton  beam  at  7  MeV  with  P  =  0.12  and  a 
normalized  emittance  of  £„  =  mm-mrad,  we  obtain  for  the 

optimum  case:  L  =  1.00  m,  g  =  14.8  mm,  and  yo  =  3.7  mm.  In 
this  study  we  use  L  =  1.0  m,  g  =  12  mm,  and  yo  =  3.0  mm, 
which  is  near  but  not  exactly  optimum.  A  layout  of  the 
section  was  done  using  the  program  TRACE  3-D  [3],  which 
solves  for  the  motion  of  the  beam  envelopes,  including  the 
space-charge  force  for  a  uniform-density  beam,.  Figure  2 
shows  a  TRACE  3-D  plot  including  beam  profiles  for  I  =  38 
mA.  Four  sets  of  triplets  were  used  providing  three  long  drift 
distances  to  accommodate  the  deflector,  collimator,  and 
restorer,  respectively.  RF  cavities  are  also  used  to  keep  the 
beam  bunched.  The  elements  were  adjusted  to  match  the 
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Figure  2.  TRACE  3-D  profile  plots  for  I  =  38  mA. 


IL  CHOPPING  BEFORE  RFQ 

Another  option  being  considered  for  this  upgrade  entails  the 
installation  of  a  traveling  wave  chopper  in  the  low  energy 
beam  transport  (LEBT)  line  in  front  of  the  RFQ.  A  gas 
neutralized,  magnetic  transport  system  would  be  used. 
Chopping  before  the  RFQ  has  the  virtue  that  the  beam-power 
loading  from  the  deflected  beam  is  easily  handled  on  simple 
collimator  designs  and  that  the  beam  optics  for  chopping  is 
relatively  simple.  Implementing  this  option  will,  however,  be 
complicated  by  space  charge  effects  in  the  LEBT,  which  will 
require  a  sufficiently  high  beam  energy  to  preclude  excitation 
of  beam  instabilities  and  a  sufficiently  short  length  to 
minimize  emittance  growth.  The  degree  of  beam 
neutralization  needed  and  the  required  quiescence  of  the  ion 
source  will  be  key  issues. 

A.  Concept 


y  vs.  x 


Figure  3.  The  x-y  distribution  of  fully  chopped  bunches  about 
one-third  of  the  way  along  the  collimator. 

beam  with  the  output  of  the  RFQ  and  the  input  to  the  DTL. 
The  deflection  plane  was  chosen  as  the  y-plane.  So,  the 
envelope  size  in  y  at  the  center  of  the  chopper  is  kept  at  3 
mm,  while  the  x  dimension  was  not  constrained.  In  the 
vertical  plane  we  also  require  that  from  the  center  of  the 
deflector  to  the  center  of  the  collimator  Ooy  =  270",  where  Ooy 
is  the  zero-current  betatron  phase  advance  per  focusing 
period.  This  means  that  from  the  center  of  the  deflector  to  the 
center  of  the  restorer  /o  is  transformed  to  -/o.  The  code 
PARMLA,  modified  to  incorporate  the  capabilities  for 
deflection  and  collimation,  was  used  to  do  the  particle 
simulation  studies.  For  simulation  studies,  we  consider  two 
beam  bunches  with  different  phase  relationship  relative  to  the 
deflecting  voltage.  Bunch  type  #1  represents  the  bunches 
which  enter  the  chopper  when  the  deflecting  voltage  has 
attained  a  maximum  value  of  V,  and  bunch  type  #2  arrives  at 
the  chopper  when  the  deflector  voltage  is  ramping  up  or 
down  and  precisely  at  0.5  V.  Since  the  deflector  is  a  traveling 
wave  type,  this  bunch  would  see  half  the  maximum  deflection 
field  throughout  its  journey  in  the  chopper,  while  bunch  type 
#1  would  see  full  deflection  field  all  along.  Figure  3  shows 
the  x-y  distribution  of  type  #1  at  about  one-third  of  the  way 
along  the  collimator.  Bunches  of  type  #2  are  subsequently 
restored  (not  shown)  by  the  restorer. 


A  schematic  diagram  showing  the  proposed  LEBT  beam  line 
for  30-mA,  100-keV  beam  design  is  shown  in  Fig.  4.  This 
design  is  similar  to  that  now  in  operation  in  the  LAMPF  W 
high-voltage  dome  [4].  The  ion  source  is  operated  at  high 
voltage  and  the  beam  is  extracted  to  ground  potential  and 
then  transported  by  a  two-solenoid-lens  beam  line  to  the 
RFQ.  The  chopper  is  placed  between  the  solenoid  lenses  with 
the  primary  chopping  aperture  located  at  the  entrance  of  the 
second  solenoid  lens.  Two  steering  pairs  located  between  the 
solenoids  provide  corrections  for  centroid  errors  at  the  RFQ 
entrance.  The  transport  solution  requires  an  intermediate 
waist  at  the  end  of  the  chopper,  so  appropriate  diagnostics  are 
required  at  this  point.  A  secondary  chopping  aperture  will  be 
located  at  the  entrance  to  the  RFQ  to  improve  rejection  of  the 
chopped  beam.  The  filtering  action  of  the  secondary  aperture 
and  the  RFQ  may  eliminate  the  need  for  a  separate  restorer 
element  that  would  result  in  an  undesirable  length  increase  in 
the  LEBT. 


Figure  4.  Schematic  of  the  30-niA,  100-keV  H~  injector. 

B.  Design  Studies 

The  beam  envelopes  expected  were  calculated  using  the  first- 
order  beam-envelope  code  TRACE  3-D  [3].  In  Fig.  5  we  see 
the  profiles  for  both  the  chopped  and  the  unchopped  beams  at 
the  secondary  chopping  apertures  for  the  case  where  a  30- 
mrad  impulse  is  imparted  to  the  beam  by  the  chopper.  In  the 
initial  portion  of  this  beam  line,  the  extracted  FT  beam  will  be 
space-charge  neutralized  by  the  effluent  gas  from  the  ion 
source.  This  gas  load  will  be  pumped  at  the  entrance  to  the 
first  focusing  lens.  In  the  chopper  itself,  the  beam  is  expected 
to  be  un-neutralized  when  electric  field  is  present.  Previous 
attempts  [5]  to  chop  a  low-energy  beam  at  the  Brookhaven 
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National  Laboratory  resulted  in  unacceptable  phase-space 
distortions,  because  the  neutralizing  ions  accumulated  in  the 
beam  within  the  chopper.  The  present  design  entails  higher 
beam  energy  and  lower  currents  than  the  Brookhaven  case. 
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The  electric  fields  produced  by  this  chopper  will  be  greater 
than  the  space-charge  fields  of  the  beam,  thus  sweeping  out 
more  of  the  beam-induced  plasma  and  reducing  these 
distortions. 
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Because  of  unknown  charge  neutralization  effects,  the  details 
of  the  proposed  chopping  are  less  certain  in  the  final  portion 
of  this  beam  line.  In  the  region  between  the  chopping  plates 
and  the  primary  chopping  aperture,  the  beam  current  is 
constant,  but  the  chopper  causes  a  high  fi-equency  (1.7  MHz) 
square- wave  modulation  in  the  beam-centroid  motion.  This 
frequency  is  in  the  range  of  the  two-stream  instability.  Thus, 
one  can  expect  emittance  growth  and,  for  sufficiently  high 
beam  current,  excitation  of  this  plasma  instability.  In  the 
region  after  the  chopping  aperture,  the  beam  will  propagate 
without  centroid  modulation,  but  the  beam  current  will  now 
be  modulated  at  the  same  1.7-MHz  fi-equency.  The  chopping 
period  will  be  short  compared  to  the  neutralization  time,  but 
comparable  to  the  decay  time  of  the  positive-ion  neutralizing 
channel.  A  partially  neutralized  beam  will  be  produced  in  this 
region  [6].  We  can,  therefore,  expect  further  emittance 
degradation  in  the  transport  of  the  chopped  beam  in  this 
region.  Plasma  simulations  using  PIC  codes  are  now  being 
considered  to  clarify  these  issues. 

III.  CONCLUSIONS 

The  two  options  available  for  chopping  the  H”  beam  for  a 
pulsed  neutron  spallation  source  have  been  considered.  The 
LEBT  chopping  option  is  relatively  easy  to  implement  with 
existing  technology,  but  is  complicated  by  possible  excitation 


of  beam  instabilities  and  by  emittance  growth.  Preliminary 
simulations  show  that  a  chopper  system  after  the  RFQ  at  7 
MeV  is  feasible.  The  beam  quality  is  preserved  and  the 
partially  chopped  bunches  can  be  restored  to  the  optic  axis, 
thus  reducing  the  losses  in  the  ring.  Further  work  is  needed  to 
resolve  the  technical  issues  before  a  choice  can  be  made 
between  those  two  options. 
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THE  ROLE  OF  SPACE  CHARGE  IN  THE  PERFORMANCE  OF  THE  BUNCHING 
SYSTEM  FOR  THE  ATLAS  POSITIVE  ION  INJECTOR* 

R.  C.  Pardo,  Argonne  National  Laboratory,  Argonne,  IL  60439  USA 
and  R.  Smith,  Kalamazoo  College,  Kalamazoo,  MI  49006  USA 


The  bunching  system  of  the  ATLAS  Positive  Ion 
Injector  consists  of  a  four-frequency  harmonic  buncher,  a 
beam-tail  removing  chopper,  and  a  24.25  MHz  spiral 
resonator  sine-wave  rebuncher.  The  system  is  designed  to 
efficiently  create  beam  pulses  of  approximately  0.25  nsec 
FWHM  for  injection  into  and  acceleration  by  the  ATLAS 
superconducting  linac.  Studies  of  the  effect  of  space  charge 
on  the  performance  of  the  system  have  been  undertaken  and 
compared  to  simulations  as  part  of  the  design  process  for  a 
new  bunching  system  to  be  developed  for  a  second  ion 
source.  Results  of  measurements  and  modeling  studies 
indicate  that  the  present  system  suffers  significant  bunching 
performance  deterioration  at  beam  currents  as  low  as  5  e|xA 
for  at  a  velocity  of  (5=0.0085.  The  low  beam  current 
tolerance  of  the  present  system  is  in  reasonable  agreement 
with  computer  simula-tions.  Studies  of  two  alternatives  to 
the  present  bunching  system  are  discussed  and  their 
limitations  are  explored. 

1.  INTRODUCTION 

The  ATLAS  Superconducting  Heavy-Ion  Linear  Accel- 
erator[l,2]  was  designed  with  the  goal  of  providing  high 
quality  beams  of  any  heavy-ion  species  for  fundamental 
research  in  nuclear  and  atomic  physics.  Beam  currents  were 
expected  to  be  large  by  historical  standards;  as  high  as  ten  to 
a  hundred  particle  nanoamps  for  most  beams.  The  effects  of 
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Figure  1:  Floor  plan  of  Low-Energy  Beam  Transport  system 
for  PII-ATLAS  showing  the  relevant  bunching  system 
components. 


space  charge  on  beam  optics  was  considered  and  found  not  to 
be  significant  for  the  transverse  dimensions.  The  effect  of 
space  charge  on  longitudinal  bunching  is  more  serious  and 
observable  defocusing  effects  were  expected  for  beam 
currents  of  a  few  electrical  microamps.  Figure  1  shows  the 
floor  plan  of  the  low-energy  beam  transport  (LEBT)  for  the 
ATLAS  Positive  Ion  Injector(PII)  and  indicates  the  location 
of  the  present  bunching  components. 

The  first  stage  of  bunching  for  the  PII  is  a  four-harmonic 
gridded-gap  buncher [3]  located  on  a  300  kV  platform  with 
the  ECR  ion  source.  The  fundamental  frequency  of  this 
buncher  is  12.125  MHz  (period  of  82.4  ns)  and  a  sawtooth¬ 
like  wave  is  formed  using  three  additional  harmonics. 
Typical  maximum  bunching  voltage  requirements  are 
approximately  700  volts.  This  bunching  system  is  operated 
in  such  a  way  as  to  form  a  waist  at  the  chopper  plates  to 
minimize  the  longitudinal  emittance  growth  caused  by  the 
chopper.  The  beam  is  then  further  compressed  for  injection 
into  the  linac  by  a  second,  sine-wave  buncher  operating  at 
24.25  MHz.  For  beam  currents  of  1  e|xA  or  less,  bunch 
widths  significantly  less  than  1  ns  FWHM  have  been  possible 
for  a  variety  of  beams  using  only  the  harmonic  buncher.  As 
the  beam  current  is  increased  to  a  few  microamps  the  bunch 
width  at  the  time  focus  worsens  as  shown  in  Figure  2  for  a 
beam  of  For  these  studies,  was  chosen  because  it 
is  a  beam  with  a  charge-to-mass  ratio  (Q/A)  typical  of  many 
of  the  heavy-ion  beams  accelerated  at  ATLAS. 

The  worsening  of  the  best  possible  time  width  as  beam 
current  increases  is  from  the  repulsive  space-charge  force  on 
the  compressing  beam.  In  this  simple  situation,  the  space- 
charge  force  acts  simply  as  a  continuous  defocusing  lens 
slowing  the  compression  process.  In  the  beam  center-of- 
mass  system,  the  maximum  velocity  which  must  be  imparted 
to  an  ion  so  as  to  achieve  a  time  focus  at  the  chopper  plates  is 
4073  m/s.  This  corresponds  to  an  ion  energy  in  the  center- 
of-mass  of  1.37  eV  (0.46  V)  for  The  repulsive  space- 
charge  potential  for  a  beam  bunch  of  these  particles 
corresponding  to  an  average  beam  current  of  1  e|xA  is  0.47V 
for  a  spherical  geometry.  One  sees  immediately  that  the 
beam  will  become  essentially  a  ‘paralleT  beam  under  these 
conditions.  For  higher  beam  currents,  the  waist  condition 
will  be  destroyed  and  cannot  be  achieved  under  any 
condition  with  a  fixed  geometry.  In  the  laboratory  frame, 
these  small  voltages  translate  into  a  buncher  voltage  of  675 
volts  indicating  that  space  charge  forces  are  significant  at 
currents  as  low  as  1  e|iA.  These  estimates  are  in  good 
agreement  with  the  observed  typical  700  volts  focusing  force 
mentioned  previously. 
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Bunching  as  a  Function  of  Beam  Current 

Oxygen-1 6  3+  at  549  keV 


Beam  Current  (epA) 
Calculated  Width  Measured  Width 


Figure  2:  Observed  beam  bunch  width  at  PII  entrance  waist 
location  compared  to  performance  predicted  by  TRACE3D. 

A  more  quantitative  comparison  to  observation  has  been 
made  using  the  first-order  matrix  program  TRACE3D[4] 
which  can  include  space  charge  effects.  The  comparison  to 
the  experimental  data  is  shown  in  Figure  2.  These 
calculations  confirmed  the  effects  discussed  above  and 
showed  that  as  the  beam  current  increases  above  1-2  e|iA 
significant  and  unrecoverable  changes  occur  to  the  beam 
phase  ellipse  making  the  match  into  the  linac  much  poorer. 
At  currents  much  above  20  e|jA  the  beam  mismatch  to  the 
linac  causes  significant  deterioration  in  the  efficiency  of 
acceleration  and  beam  loss.  The  effective  longitudinal 
emittance  is  also  significantly  worsened  by  the  bunching 
system,  mostly  due  to  the  nonlinear  bunching  of  the  second 
sine-wave  buncher  when  the  beam  is  spread  over  a  phase 
width  of  approximately  180  degrees. 


providing  good  ion  species  resolving  power  so  as  to  deliver 
pure  beams  to  the  linac  while  maintaining  high  beam  quality, 
especially  low  longitudinal  emittance. 

Two  locations  were  studied  as  possible  sites  for  the 
harmonic  buncher  in  the  system.  These  are  indicated  in 
Figure  1  as  ‘Site  A’  and  ‘Site  B’.  ‘Site  A’  is  off  the  high 
voltage  platform,  and  provides  improved  bunching 
characteristics  for  beams  of  moderate  intensity.  For  example 
with  a  beam  of  Q/A  =  0.1875,  bunching  is  adequate  up  to 
average  currents  of  40  e|xA.  Average  beam  currents  as  high 
as  300  to  500  e|xA  are  possible  from  the  new  ECR  ion 
source.  This  location  is  still  inadequate  for  beams  of  such 
intensity.  In  addition,  the  species  selectivity  of  the  magnetic 
analysis  system  in  the  LEBT  is  significantly  reduced  by  the 
energy  spread  created  by  the  harmonic  buncher  at  ‘Site  A’. 
The  Q/A  selectivity  of  the  transport  system  without  the 
buncher  operating  in  the  present  configuration  is 
approximately  1  in  2000.  Including  the  energy  spread  from 
the  harmonic  buncher,  in  the  present  location,  the  selectivity 
in  Q/A  is  reduced  to  1  in  400.  By  moving  the  harmonic 
buncher  to  Site  A  that  resolution  is  further  reduced  to  1  in 
200.  Additionally,  the  need  to  tune  the  180  degree  achromat 
for  good  optical  conditions  adds  some  complexity  to  the 
everyday  operation  of  the  LEBT. 

Therefore  the  performance  of  the  buncher  system  with 
the  harmonic  buncher  located  at  ‘site  B’  was  studied.  This 
site  might  seem  the  most  obvious  choice,  since  the  buncher 
focal  length  is  the  shortest  and  therefore  the  bunching 
electric  field  is  the  highest.  But  the  high  bunching  electric 
fields  required  for  this  location  and  necessary  to  reduce  the 
effects  of  space  charge  on  the  longitudinal  optics  are  more 
difficult  to  obtain.  A  high  premium  on  the  quality  of  the 
bunching  waveform  is  also  required  for  these  high  bunching 
fields.  In  order  to  obtain  good  bunch  widths  for  injection 
into  the  linac  and  to  minimize  the  emittance  growth  due  to 
the  buncher 


11.  DESIGN  STUDY 

A  second  high  charge-state  ECR  ion  source  is  under 
construction  for  ATLAS  and  in  conjunction  with  that  project 
a  study  of  the  injection  bunching  system  has  been  undertaken 
with  the  goal  of  improving  the  bunching  performance  for  the 
high  current  and  high  charge-state  beams  anticipated  from 
the  new  ECR  ion  source.  TRACE3D  was  used  to  model  the 
performance  of  the  systems  studied  with  regard  to  space 
charge  limitations.  A  proprietary  ray-tracing  program  was 
used  to  study  the  models  with  regard  to  resonator  field 
profiles.  The  ray-tracing  program  did  not  include  space 
charge  effects,  but  did  include  the  exact  waveforms  of  the 
harmonic  and  sine-wave  bunchers. 

The  location  of  the  new  source,  injection  geometry  and 
relationship  to  the  existing  source  and  LEBT  are  indicated  in 
Figure  1.  The  obvious  goal  is  to  create  a  bunching  system 
which  requires  a  much  shorter  focal  length  buncher, 
necessitating  higher  bunching  voltages  (shorter  longitudinal 
focal  lengths).  Such  a  requirement  must  be  achieved  while 


Space  Charge  Effect  on  Beam  Bunching 

Dependence  on  Ion  Q/A  Ratio 


-A-  Q/A=0.10  '  Q/A-0.1875-i^  Q/A=0.375 

Figure  3:  ‘Site  B’  configuration.  Beam  bunch  width  versus 
beam  current  for  beams  with  differing  Q/A  for  the  harmonic 
buncher  only.  Compare  the  present  system  performance  in 
Figure  1  to  the  Q/A=0.1875  curve. 


1850 


waveform,  a  very  careful  optimization  of  the  four  harmonics 
forming  the  sawtooth-like  harmonic  buncher  waveform  was 
found  to  be  necessary. 

The  calculated  results  for  the  ‘Site  B’  harmonic  buncher 
location  are  shown  in  figure  3,  4,  and  5.  Careful  optimiza¬ 
tion  of  the  buncher  waveform  resulted  in  an  empirical 
harmonic  mix  of : 

=  A  •  (sin(coO  “  038 14  •  sin(2coO  + 

0.1506  •  sin(3coO  -  0.0405  •  sin(4cor)) 

The  harmonics  found  to  provide  optimum  bunching  at  this 
location  are  not  universal  and  in  fact  make  some  use  of  the 
24.25  MHz  sine-wave  second  buncher  waveform  to  provide 
the  best  total  effective  bunching  voltage. 

The  reduced  sensitivity  of  buncher  performance  on  beam 
current  can  most  immediately  be  seen  by  comparing  the 
calculated  time  width  versus  beam  current  for  Q/A=0.1875 
to  the  present  buncher  performance  shown  in  Figure  2. 
The  ‘site  B*  configuration  makes  it  possible  to  bunch  200 
e|iA  beams  better  than  3  epA  beams  with  our  present 
configuration.  For  low  Q/A  beams  such  as  uranium, 
adequate  bunching  at  currents  from  300  to  450  epA  is 
possible.  For  lighter  mass,  high  charge  state  ions,  the  beam 
current  limit  is  approximately  100  epA.  The  strong  Q/A 
dependence  of  bunching  performance  is  apparent  in  Figures  3 
and  4.  In  general  one  can  characterize  ‘Site  B*  as  able  to 
handle  beam  currents  which  are  a  factor  of  100  greater  than 
the  present  system  can  accept. 

The  beam  ellipse  is  transformed  by  the  defocusing  effect 
of  space  charge,  turning  a  waist  condition  into  a  ‘parallel 
beam’  condition.  This  is  shown  indirectly  by  noting  the 
decrease  in  energy  spread  of  the  beam  ellipse  as  the  current 
increases  in  Figure  4,  which  corresponds  to  the  increasing 
time  width  portrayed  in  Figure  3.  Thus  the  original  matching 
condition  into  the  linac  is  modified  drastically  and  eventually 
the  beam  ellipse  falls  out  of  the  acceptance  ellipse  of  the 
linac.  With  the  site  B  configuration  this  does  not  occur  until 
beam  currents  well  in  excess  of  100  epA  are  reached  for  any 
ion  species. 

The  efficiency  of  converting  the  DC  beam  from  the 
source  into  beam  bunches  matched  into  the  linac  acceptance 
is  approximately  60%  for  our  present  configuration.  The 
model  calculations  predict  that  the  ‘Site  B’  configuration  of 
the  bunching  system  will  achieve  a  bunching  efficiency  of 
65-70%  acceptance.  It  is  possible  to  operate  the  harmonic 
buncher  in  a  mode  which  creates  a  virtual  waist  for  the  24.25 
MHz  buncher.  This  mode  requires  lower  buncher  voltages 
and  relaxes  the  requirements  on  waveform  quality,  but  the 
bunching  efficiency  decreases  to  only  approximately  40%. 
Therefore  we  do  not  anticipate  using  this  bunching  mode. 

The  ‘Site  B’  configuration  appears  to  be  a  good  solution 
to  high  current  injection  into  the  ATLAS  linac.  This 
configuration  will  be  implemented  as  part  of  the  second  ECR 
construction  project.  Operation  of  this  new  configuration  is 
expected  in  1997. 


Figure  4:  ‘Site  B’  configuration.  Beam  energy  spread  for 
waist  condition  at  chopper  versus  beam  current  for  beams 
with  differing  Q/A. 


Figure  5:  The  maximum  beam  current  for  which  a  true  beam 
waist  can  be  achieved  at  the  chopper  as  a  function  of  Q/A  for 
the  Site  B  configuration. 
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Final  focusing  of  ion  beams  and  propagation  in  a 
reactor  chamber  are  crucial  questions  for  heavy  ion  beam 
driven  Fusion.  An  alternative  solution  to  ballistic  quadrupole 
focusing,  as  it  is  proposed  in  most  reactor  studies  today,  is  the 
utilization  of  the  magnetic  field  produced  by  a  high  current 
plasma  discharge.  This  plasma  lens  focusing  concept  relaxes 
the  requirements  for  low  emittance  and  energy  spread  of  the 
driver  beam  significantly  and  allows  to  separate  the  issues  of 
focusing,  which  can  be  accomplished  outside  the  reactor 
chamber,  and  of  beam  transport  inside  the  reactor.  For 
focusing  a  tapered  wall-stabilized  discharge  is  proposed,  a 
concept  successfully  demonstrated  at  GSI,  Germany.  For  beam 
transport  a  laser  pre-ionized  channel  can  be  used. 

I.  INTRODUCTION 

Final  focusing  of  ion  beams  and  their  propagation  in 
a  reactor  chamber  are  crucial  for  heavy  ion  beam  driven  fusion 
power  production.  The  concept  and  technical  realization  of 
these  operations  have  strong  impacts  both  on  the  design  of  the 
accelerator  and  the  layout  of  the  reactor  chamber.  Most  studies 
today  are  based  on  ballistic  focusing  by  magnetic  quadrupole 
lenses.  This  concept  suffers  from  the  sensitivity  of  the  final 
focus  to  the  current  and  shape  of  the  beam  pulse  that  is 
delivered  by  the  driving  accelerator.  To  reduce  space  charge 
blow-up  of  the  driver  beam  in  the  final  focus  region  the  total 
beam  current  has  to  be  divided  into  several  beams,  each  with 
an  individual  final  focusing  system  and  a  separate  beam  port  in 
the  reactor  chamber. 

An  alternative  solution  is  to  strip  the  ions  to  a  high 
charge  state  and  to  space  charge  and  current  neutralize  the  beam 
completely.  An  external  focusing  force  is  then  applied  to  the 
beam  to  focus  and  transport  it  to  the  target.  One  advantage  of 
this  scheme  is  its  physical  simplicity  because  the  beam  can  be 
treated  as  an  ensemble  of  independent  particles  in  the  external 
focusing  field.  To  create  the  focusing  force  the  magnetic  field 
of  a  high  current  plasma  discharge  can  be  used.  This  plasma 
lens  focusing  relaxes  the  requirements  on  emittance  and  energy 
spread  of  the  driver  beam  significantly.  A  further  advantage  of 
this  concept  is  the  high  insensitivity  to  the  driver  beam 
current  and  pulse  shape. 

The  problems  of  focusing  and  of  transport  to  the 
target  are  to  a  great  extend  independent  of  each  other.  For  an 
experimental  approach  to  evaluate  the  feasibility  of  plasma 
lens  focusing  these  issues  can  be  separated.  Focusing  of  the 
ion  beam  can  be  accomplished  using  a  wall-stabilized 
discharge.  For  the  final  transport  through  the  reactor  chamber 
with  a  radius  of  2-3  meter  the  focused  beam  can  be  confined  in 
a  discharge  channel.  Since  the  beam  is  expected  to  be 
completely  space  charge  and  current  neutralized  in  the 
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discharge  channel  the  whole  beam  intensity  required  to  ignite  a 
target  can  be  transported  in  one  channel  or,  if  higher  symmetry 
of  the  target  illumination  is  necessary,  in  two  channels.  For  a 
Bi  Ion  beam  of  10  GeV  a  plasma  current  of  approximately  100 
kA  is  sufficient  to  focus  the  beam  and  transport  it  to  the 
target.  Several  schemes  are  possible  to  form  the  discharge 
channel  inside  the  reactor  chamber.  All  of  them  include  a  laser 
to  pre-form  a  guiding  path  for  the  discharge  chaimel. 

A  schematic  layout  of  a  reactor  chamber  using  the 
proposed  plasma  lens  final  focusing  is  sketched  in  Figure  1.  A 
single  laser  can  be  used  to  provide  four  channels  from  the 
reactor  wall  to  the  fusion  pellet.  Two  of  these  channels  are 
used  to  transport  the  driver  beam  and  to  illuminate  the  target 
from  two  sides.  The  remaining  two  channels  are  necessary  to 
provide  a  return  path  for  the  discharge  current.  The  discharge 
can  be  driven  by  one  or  several  capacitor  banks  close  to  the 
reactor  wall.  To  focus  the  driver  beams  down  to  the  size  of  the 
discharge  channel  two  wall- stabilized,  tapered  discharges  are 
used.  The  angular  acceptance  of  these  lenses  is  large  enough  to 
combine  several  driver  beams  in  each  discharge  and  to  keep  a 
free  optical  path  for  the  laser. 


Figure  1.  Schematic  layout  of  a  reactor  chamber. 


II  FOCUSING  WITH  AN  ADIABATIC 
PLASMA  LENS 

In  a  plasma  lens  the  purely  azimuthal  magnetic  field 
of  a  gas  discharge  is  used  to  focus  an  ion  beam  moving  along 
the  axis  of  the  discharge.  Since  a  strong,  first  order  focusing 
force  is  applied  to  the  beam  in  both  transversal  planes 
perpendicular  to  the  beam  direction  this  kind  of  focusing  is 
much  stronger  than  quadrupole  focusing,  which  is,  applied  to 
both  directions,  an  effect  of  only  second  order  [1]. 

Plasma  lenses  have  been  developed  and  investigated 
for  several  years  at  the  German  Heavy  Ion  Laboratory  GSI  to 
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concentrate  high  beam  intensities  onto  small  focal  spots.  The 
most  promising  results  were  achieved  with  a  wall-stabilized 
discharge  type  [2].  The  setup  for  these  experiments  is  shown 
in  figure  2. 


Figure  2,  Setup  of  focusing  experiments  with  a  wall- 
stabilized  plasma  lens  at  GSI. 

A  heavy  ion  beam  is  traversing  a  differential  pumping 
system  and  is  then  focused  in  a  wall-stabilized  discharge.  The 
typical  beam  energy  for  these  experiments  was  11.4 
MeV/amu.  Discharge  current  and  length  of  the  lens  are 
matched  to  produce  less  than  half  a  betatron  oscillation  of  the 
ions  in  the  lens,  that  means  that  the  lens  is  used  as  a  thin 
lens.  The  focus  is  formed  a  short  distance  downstream  of  the 
lens  and  is  detected  by  a  combination  of  a  plastic  scintillator 
and  a  streak  camera.  The  wall  stabilized  discharge  has  proven 
better  linearity  of  the  focusing  fields  than  a  z-pinch  discharge 
and  it  provides  the  additional  opportunity  to  taper  the  discharge 
tube  and  increase  the  focusing  strength  along  the  lens  in  this 
way.  Tests  of  a  tapered  discharge  have  shown  that  a  beam  with 
10  mm  initial  diameter  can  be  focused  to  a  spot  of  160  |im. 
The  tapered  lens  has  the  same  degree  of  linearity  and  an 
approximately  50%  higher  focusing  power  than  a  cylindrical 
discharge  [3]. 

For  application  of  the  plasma  lens  concept  to  the 
final  focus  problem  in  inertial  confinement  fusion  the  lens  has 
to  work  as  a  thick  lens,  so  that  the  particles  perform  one  or 
more  complete  betatron  oscillations  inside  the  discharge.  The 
particle  trajectories  in  the  lens  are  not  necessarily  coherent. 
They  deviate  the  more  from  the  coherent  case,  the  broader  the 
momentum  and  charge  state  distribution  in  the  beam  are  and 
the  more  oscillations  the  particles  perform  in  the  lens.  In  the 
extreme  case  the  beam  fills  the  aperture  homogeneously 
everywhere  in  the  lens.  Focusing  can  only  be  accomplished  by 
increasing  the  focusing  strength  along  the  lens  in  this  case. 
An  easy  way  to  achieve  this  is  to  taper  the  discharge  tube 
diameter.  To  avoid  beam  losses  the  tapering  has  to  be  done 
adiabatically,  which  means  that  the  change  in  betatron 
wavelength  per  betatron  period  has  to  be  small. 

In  a  focusing  field  a  particle  with  coordinates 
satisfies  the  equation  of  motion  (Hill's  Equation)  [4]: 


with 


Z(z)  2el 
a^(z)  bmc^ 


Here  Z  denotes  the  charge  state  of  the  ion,  /  is  the 
total  current  in  the  lens,  and  a  is  the  radius  of  the  focusing 
discharge.  In  the  adiabatic  approximation 

1  dk 
—  «  1 
k  dz 

a  solution  can  be  written  in  the  form: 


x=^-^exp(i\kdz)  . 

These  equations  show  that  the  radius  a  has  to  be 

decreased  by  a  factor  of  b  to  reduce  the  radius  of  the  beam 
envelope  jc  by  a  factor  of  b.  Using  typical  numbers  for  a 
driver  beam  with  m=  200  amu,  j3=  0.3,  Z=  64,  and  a  current 
7=  100  kA  in  a  channel  that  is  tapered  down  over  the  length  of 
one  betatron  wavelength  at  the  entrance  of  the  lens  of  A^  = 

152  cm  from  20  mm  to  5  mm  radius  yields  a  reduction  of  the 
beam  radius  from  R=  10  mm  to  5  mm.  The  admissible 
emittance  for  the  beam  is  determined  by  the  conservation  of 
phase  space  density  over  the  simple  relation 


R 


which  allows  a  normalized  emittance  of  125  mm  mrad  at  the 
end  of  the  lens  for  the  example. 

An  experiment  is  designed  to  investigate  this  adiabatic 
focusing  experimentally  using  the  2  MeV  beam  from  the 
LBL-ESQ  injector.  The  schematic  layout  for  this  experiment 
is  sketched  in  figure  3.  The  beam  traverses  a  two  stage 
differential  pumping  system  capable  to  separate  the  discharge 
gas  of  approximately  1  Torr  fi:om  the  accelerator  vacuum  of 
10“6  discharge  tube  radius  is  tapered  from  10  mm  to 

2.5  mm  to  reduce  the  beam  radius  from  5  mm  to  2.5  mm.  The 
intensity  distribution  in  the  focused  beam  will  be  scanned  by  a 
pinhole  close  to  the  end  of  the  discharge  and  measured  with  a 
Faraday  cup. 


Figure  3.  Setup  for  focusing  experiments  with  an  adiabatic 
plasma  lens  at  the  LBL  ESQ-injector. 


The  beam  is  expected  to  be  in  an  average  charge  state 
between  2  and  3  [5].  With  a  discharge  length  of  30  cm  and  a 
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discharge  current  of  20  kA  the  particles  perform  one  and  a  half 
betatron  oscillations  in  the  lens  so  that  an  initially  parallel 
beam  of  low  emittance  forms  one  focal  spot  inside  the  lens 
and  another  one  at  the  end  of  the  lens.  The  calculated  emittance 
that  this  lens  can  handle  without  loosing  particles  is  225  mm- 
mrad.  This  number  is  consistent  with  Monte-Carlo 
simulations  of  the  focusing.  These  calculations  include  charge 
transfer  processes  instead  of  simply  using  an  averaged  charge 
state  but  do  not  include  scattering  of  the  ions  in  the  discharge 
plasma.  For  the  above  mentioned  case  these  calculations  yield 
a  negligible  amount  of  particle  losses  below  an  emittance  of 
225  mm  mrad  and  an  almost  linear  increase  of  particle  losses 
to  about  35%  for  an  emittance  of  500  mm  mrad. 

At  the  low  energy  of  2  MeV  scattering  in  the 
discharge  plasma  is  an  important  factor.  To  determine  the 
emittance  increase  by  scattering  the  scattering  in  a  2  cm  gas 
stripper  cell  has  been  measured  for  helium,  nitrogen,  and  argon 
gas  of  up  to  1  Torr  pressure.  From  these  measurements 
scattering  angles  up  to  100  mrad  can  be  expected  for  0.9  MeV 
beam  energy  at  the  end  of  a  30  cm  long  tube  with  1  Torr 
helium.  This  amounts  to  approximately  250  mm  mrad 
emittance  of  the  beam  at  the  end  of  the  focusing  discharge, 
which  is  only  slightly  above  the  tolerable  emittance.  For 
higher  beam  energies  or  lower  gas  pressures  no  beam  losses 
due  to  scattering  are  expected. 

III.  BEAM  TRANSPORT  IN  A 
DISCHARGE  CHANNEL 

The  driver  beams  can  be  combined  and  focused  to  a  diameter  of 
10  mm  outside  the  reactor.  To  keep  the  beam  at  this  size 
during  the  2  or  3  m  radius  of  the  reactor  chamber  the  same 
magnetic  field  is  required  as  at  the  end  of  the  focusing  lens. 
For  the  above  mentioned  example  this  can  be  achieved  by  a 
discharge  channel  of  10  mm  diameter  with  100  kA  current.  To 
guide  such  a  channel  from  the  beam  port  in  the  reactor  wall  to 
the  target  a  laser  can  be  used  to  pre-ionize  the  background  gas 
in  the  reactor  chamber. 

Several  coupling  mechanisms  of  the  laser  energy  to 
the  gas  have  been  studied  experimentally.  One  of  the  most 
efficient  ways  is  to  add  a  small  percentage  of  an  organic 
molecule  with  a  high  photo  ionization  crossection  to  the  gas 
and  to  photo-ionize  these  organic  molecules  in  a  two  photon 
process  with  an  excimer  laser.  Breakdown  of  a  high  current 
discharge  over  up  to  1.2  m  along  a  laser  path  has  been  reported 
at  30%  of  the  self  breakdown  voltage  of  the  system  [6].  For  a 
reactor  chamber  a  sufficient  pre-ionization  can  be  achieved 
with  an  excimer  laser  of  1  to  10  J  pulse  energy. 

A  crucial  point  in  this  transport  scheme  is  the 
stability  of  the  discharge  channel.  Unless  very  high  voltages 
are  used  to  create  the  channel,  the  high  inductance  of  the  long 
current  path  through  the  reactor  chamber  will  limit  the  current 
rise  time  to  several  microseconds.  The  highest  hydrodynamic 
stability  of  the  plasma  channel  is  expected  for  a  discharge  in  a 
heavy  gas  as  argon  at  a  pressure  of  10  Ton*  or  more.  An 
experiment  is  set  up  to  address  the  problems  of  dynamics  and 


stability  for  a  discharge  channel  of  up  to  90  cm  length  with  a 
discharge  current  in  the  range  of  50  to  100  kA  and  a  current 
rise  time  of  four  microseconds.  Further  objectives  of  the 
experiment  are  the  interaction  of  the  plasma  channel  with  a 
target  and  possible  interactions  between  the  channel  and  it’s 
return  current  path. 

VI.  CONCLUSION 

Final  focusing  based  on  plasma  lens  focusing  and 
discharge  channel  transport  seems  feasible  if  the  stability  of 
the  channel  is  sufficient  and  if  the  problem  of  channel-target 
interaction  can  be  solved.  The  advantages  of  this  focusing 
scheme  for  the  driving  accelerator  are  relaxed  requirements  for 
emittance  and  momentum  spread.  The  advantage  for  the  reactor 
layout  is  the  much  smaller  number  and  area  of  beam  ports  in 
the  reactor  wall,  which  makes  the  problem  of  explosion  debris 
flying  up  the  beam  lines  much  easier  to  solve. 
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Abstract 

A  compact  beam  transport  system  with  variable  field  permanent 
magnetic  quadrupoles  has  been  developed  at  KEK.  It  aims  to 
transport  the  intense  negative  heavy  ion  beam  from  the  surface- 
plasma  negative  heavy  ion  source  (BLAKE  source)  to  the  tan¬ 
dem  electrostatic  accelerator  efficiently.  The  system  consists 
of  four  permanent  quadrupole  magnets  and  the  magnetic  field 
strength  of  each  magnet  can  be  changed  from  almost  zero  to 
46  T/m.  The  negative  copper  ion  beam  of  about  500  //A  was 
successfully  transported  by  this  system. 

L  Introduction 

In  these  days,  development  of  negative  ion  sources  for  ac¬ 
celerators  has  been  pushed  strongly  at  various  laboratories. 
Negative  hydrogen  ions  are  very  important  for  intense  proton 
synchrotron  because  its  beam  intensity  can  be  increased  by  a 
charge-exchange  multi-turn  injection  scheme  using  negative  hy¬ 
drogen  ion  beam.  [1]  Recently,  negative  hydrogen  ion  beams 
of  more  than  10mA  beam  current  have  been  obtained  from  cesi- 
ated  volume  type  of  negative  hydrogen  ion  sources.  [2]  [3]  On  the 
other  hand,  negative  heavy  ion  beams  are  very  useful  for  heavy 
ion  synchrotron  using  an  electro-static  tandem  accelerator  as  its 
injector.  Of  course,  intense  negative  heavy  ions  would  be  also 
very  attractive  for  ion  beam  applications  such  as  ion  beam  sur¬ 
face  analysis[6],  ion  implantation  and  so  on.  Recently,  negative 
heavy  ion  beams  of  more  than  a  couple  of  mA  have  been  ob¬ 
tained  by  a  plasma-sputter  type  of  negative  heavy  ion  source.[7] 
One  of  the  difficulties  for  using  intense  negative  ion  beams 
is  to  transport  efficiently  such  low  energy  beams  extracted  from 
the  ion  sources.  There  is  a  strong  space  charge  force  in  such 
intense  negative  ion  beams  and  the  emittance  of  the  beam  is 
commonly  deteriorated  by  it.  The  low  energy  beam  transport 
system(LEBT)  which  transports  the  beam  from  the  intense  neg¬ 
ative  ion  sources  to  the  next  accelerators  such  as  an  RFQ  or  a 
tandem  accelerator  is  very  important.  In  order  to  overcome  this 
problem,  a  continues  strong  focusing  beam  transport  is  preferred 
and  various  schemes  have  been  proposed  and  tested.  [8]  [9]  [10] 
Recently,  we  have  perceived  a  variable  field  permanent 
quadrupole  magnet(VFPQM)  and  developed  a  LEBT  system  for 

*on  leave  from  Nissin  High  Voltage  Co. 


intense  negative  heavy  ion  beams  using  four  VFPQMs.  In  this 
paper,  a  design  of  the  VFPQM,  and  characteristics  and  perfor¬ 
mance  of  the  LEBT  system  using  VFPQMs  are  described.  A 
preliminary  result  of  the  beam  emittance  measurement  for  a  neg¬ 
ative  Cu  ion  beam  in  this  system  is  also  presented, 

IL  VFPQM 

The  VFPQM  used  for  our  LEBT  system  is  based  on  the  de¬ 
sign  of  the  VFPQM  which  was  developed  by  Barlow  for  the  SSC 
IMS.[11]  This  type  of  the  VFPQM  was  conceptually  proposed 
byHalbach.[12] 

The  Quadrupole  field  is  shaped  by  the  four  ion  poles,  and 
the  field  strength  can  be  adjusted  by  rotating  a  90  degrees  of  the 
outer  ring  of  the  magnet  material  which  also  forms  a  quadrupole 
field.  Since  the  LEBT  system  using  this  VFPQM  aims  to  trans¬ 
port  the  various  negative  ion  beams  from  mass  =  1  (hydrogen)  to 
mass  =  197(gold)  ions  whose  energies  are  about  60  keV  at  the 
maximum,  the  field  gradient  strength  of  the  VFPQM  has  to  be 
widely  changed  from  1.56  T/m  to  42.9  T/m. 

Since  the  required  maximum  field  gradient  is  quite  high  and 
also  the  machining  feasibility  is  requested,  it  was  decided  to  use 
the  PrFeB  magnet  material.[13]  This  material  has  a  high  rem¬ 
nant  field(BHmar  =  29  MGOe)  which  is  almost  same  as  the  Ne- 
FeB  or  Sm  Co  magnet,  but  contrary  from  them,  this  material  is 
processed  for  producing  with  hot  rolling.  Therefore,  an  ordi¬ 
nary  machining  procedure  like  drilling  and  tapping  can  be  used 
to  treat  it,  which  is  very  nice  for  our  purpose. 

The  2-dimensional  program  code,  PANDIRA,  was  used  to  de¬ 
sign  the  magnet.  The  calculated  field  lines  where  the  two  ex¬ 
tremes  of  the  magnetic  field  strength  can  be  produced  by  a  90 
degrees  rotation  of  the  outer  ring  of  magnet  martial.  The  calcu¬ 
lated  maximum  field  gradient  is  48  T/m  and  the  minimum  one 
is  less  than  0.3  T/m. 

The  LEBT  system  in  our  case  comprises  the  four  VFPQMs  as 
described  later.  The  length  of  each  VFPQM  is  140  mm.  Figure  1 
shows  the  measured  magnetic  field  strength  at  the  position  of 
8  mm  away  from  the  center  as  a  function  of  the  rotating  angle  of 
the  outer  ring.  As  can  be  seen  from  this  figure,  the  magnetic  field 
strength  can  be  changed  smoothly  by  rotating  the  outer  ring. 

Figure  2  shows  the  variation  of  the  magnetic  field  strength  as  a 
function  of  the  position  from  the  bore  center  when  the  outer  ring 
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Figure.  1.  Measured  magnetic  field  strength  at  the  position  of 
8  mm  away  from  the  center  as  a  function  of  the  rotating  angle  of 
the  outer  ring. 


Position  from  the  bore  center  x  (mm) 


Figure.  3 .  Typical  result  of  the  measurement  for  the  higher  order 
magnetic  field  components.  This  is  the  case  that  the  outer  ring 
of  the  VFPMQ  was  rotated  by  60  degrees  from  the  maximum 
position. 


Figure.  4.  Schematic  configuration  of  the  LEBT  system 


Figure.  2.  Variations  of  the  magnetic  field  strength  as  a  function 
of  the  position  from  the  bore  center  when  the  outer  ring  was  set 
to  have  a  maximum  magnetic  field  at  the  pole  tip.  The  measured 
maximum  field  gradient  was  46  T/m. 


was  set  to  have  a  maximum  magnetic  field  at  the  pole  tip.  The 
measured  maximum  field  gradient  was  46  T/m  which  is  about 
5%  less  than  the  2-D  calculated  value.  This  is  probably  caused 
by  the  leakage  of  the  magnetic  field  at  the  both  ends. 

The  higher  order  multipole  components  of  the  magnetic  field 
in  this  VFPQM  such  as  8-pole,  12-pole  and  so  on,  have  been 
measured  with  a  harmonic  method  using  rotating  coils.  The  di¬ 
ameter  of  the  rotating  coil  was  25  mm.  Figure  3  shows  typical 
result  of  the  measurement  for  the  higher  order  magnetic  field 
components.  This  figure  presents  for  the  case  that  it  was  rotated 
by  60  degrees  from  the  maximum  position.  As  can  be  clearly 
seen  from  the  result,  the  12-pole  components  were  less  than 
10““^  compared  with  a  fundamental  4-pole  components.  This 
might  be  good  enough  for  transporting  the  beams  without  hav¬ 
ing  serious  aberrations  due  to  the  non-linear  higher  order  com¬ 
ponents. 


III.  LEBT 

The  LEBT  system  consists  of  the  four  VFPQMs.  The  total 
length  of  the  system  is  about  640  mm.  A  schematic  configura¬ 
tion  of  the  LEBT  of  the  setup  are  shown  in  figure  4. 

The  negative  ion  source,  BLAKE-V[14],  was  attached  at  the 
front  of  the  LEBT  system.  The  size  of  the  anode  hole  in  the 
ion  source  is  5  mm  in  diameter  and  the  maximum  available  ex¬ 
tracted  beam  current  is  about  1  mA  in  pulsed  mode  operation 
for  negative  copper  ion  beam.  The  negative  ions  generated  by 
the  ion  source  is  extracted  by  two  electrodes  and  the  maximum 
beam  energy  allowed  in  the  electrode  system  is  about  60  keV. 
The  vacuum  in  the  beam  extraction  region  is  evacuated  by  a 
1500  1/s  turbo-  molecular  pump.  The  operating  vacuum  pres¬ 
sure  was  about  lxl0“^Torr.  There  is  an  optional  gas  feeding 
system  in  this  region.  A  amount  of  Xe  gas  can  be  introduced 
into  the  beam  extraction  chamber  through  it  and  efficient  space 
charge  neutralization  is  expected. 

The  beam  optics  in  this  LEBT  system  was  estimated  with  a 
multi-purpose  accelerator  design  code  ”SAD”.  Because  of  the 
strong  lens  action  at  the  anode  hole  which  may  be  largely  af¬ 
fected  by  the  sheath  condition  at  the  plasma  surface,  it  is  rather 
difficult  to  estimate  the  beam  emittance  configuration  before  ex- 


1856 


'  3U  i:;  u  k:  <:)  3n 


XCmn) 

Figure.  5.  The  measured  beam  emittance  at  the  designed  value 
of  the  magnetic  field  strength  of  each  VFPQM. 

periment.  In  the  beam  optics  calculation  with  SAD,  the  beam 
emittance  configuration  at  the  front  of  the  LEBT  was  assumed 
to  be  an  up-right  shape.  The  space  charge  force  was  not  included 
in  this  calculation.  No  electric  lens  is  used  in  the  system,  there¬ 
fore,  complete  space  charge  neutralization  would  be  expected 
in  areal  beam  situation  by  introducing  an  small  amount  of  Xe 
gas.  Electric  lens  such  as  einzel  lens  sweeps  out  the  low  en¬ 
ergy  positive  ions  produced  by  ionization,  which  are  useful  for 
neutralizing  a  space  charge  potential  in  the  negative  ion  beam. 
Because  there  are  four  VFPQMs,  the  beam  configuration  can 
be  adjusted  arbitrary  independently  in  2-D(horizontal  and  verti¬ 
cal)  phase  space  within  acceptance  limited  by  a  inner  diameter 
of  the  vacuum  chamber  of  the  beam  transport  line.  A  typical 
acceptance  for  60  keV  H“  beam  in  the  present  LEBT  is  about 
0.74  7rmm.mrad,  which  is  normalized  by  bg  and  for  60  keV  Cu“ 
beam  is  about  0.093  7rmm.mrad. 


V.  Summary 

A  low  energy  beam  transport  (LEBT)  with  four  variable  field 
permanent  quadrpole  magnets(VFPQM)  has  been  developed  for 
the  negative  ion  beams.  The  magnetic  field  gradient  of  the  VF¬ 
PQM  was  able  to  be  varied  from  almost  zero  to  46  T/m.  The 
40  keV  Cu“  ion  beam  was  well  transported  by  the  LEBT. 

The  authors  would  like  to  appreciate  to  Mr.  Ikegami  for  his 
technical  support. 
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rV.  Beam  Test 

Beam  test  has  been  done  with  negative  copper  ion  beams 
from  the  BLAKE-V  ion  source.  The  ion  source  was  operated 
in  pulsed  mode  and  the  pulse  width  and  the  repetition  rate  were 
400  msec  and  20  Hz,  respectively.  The  beam  was  extracted  from 
the  ion  source  at  the  positive  voltage  of  about  20  kV  and  the  total 
energy  of  the  beam  was  about  40  keV.  The  beam  current  through 
the  system  was  measured  with  a  Faraday  cup  placed  at  the  posi¬ 
tion  of  40  cm  away  from  the  exit  of  the  system. 

The  beam  emittance  in  the  vertical  direction  was  measured  at 
the  position  of  20  cm  away  from  the  exit  of  the  final  VFPQM. 
The  measured  beam  emittance  when  the  magnetic  field  strength 
of  each  VFPQM  was  set  to  be  a  design  value  is  shown  in  fig¬ 
ure  5.  The  Cu“  beam  of  about  500  /xA  measured  by  another 
Faraday  cup  after  the  emittance  monitor  was  successfully  trans¬ 
ported. 

The  measured  emittance  configuration  is  somewhat  different 
from  the  calculated  one.  It  is  probably  because  the  actual  beam 
was  more  convergent  at  the  entrance  of  the  LEBT  compared  to 
the  beam  emittance  assumed  in  the  calculation.  n 
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Two  versions  of  injection  line  matching  sections 
between  the  external  ion  source  and  the  spiral  inflector  are 
used  for  the  compact  cyclotrons  developed  at  TRIUMF  in 
cooperation  with  Ebco  Technologies.  The  30  MeV  model 
adopts  a  solenoid-doublet  (SQQ)  version  while  the  19  MeV 
unit  takes  a  four  quadrupole/two  quadrupole  (4Q/2Q)  option. 
Both  cyclotrons  use  a  same  type  of  E  cusp  source  and  an 
identical  inflector-central  region  combination.  A 
comparison  has  been  made  between  these  two  systems,  in 
terms  of  DC  transmission  and  RF  acceptance  as  a  function  of 
source’s  H  current  intensity  and  emittance.  The  design  and 
optics  characteristics  for  both  systems  are  described  and  the 
results  obtained  are  reported. 

I.  INTRODUCTION 

The  TRIUMF’s  TR30  central  region  model  (CRM)  is  an 
exact  1  to  1  duplicate  of  the  30  MeV  E  cyclotron’s  central 
region  in  every  respect  and  the  highest  beam  energy  can  be 
up  to  1.5  MeV.  The  system  consists  of  a  high  output  (7  mA) 
and  low  emittance  (0.365  pi-mm-mrad)  E cusp  source,  a  low 
loss  injection  matching  section  from  a  SQQ  design  [1,2,3  ], 
and  a  large  phase  acceptance  with  good  cantering  inflector- 
central  region.  In  1990,  up  to  650-700  |UiA  at  1  MeV  RF 
beam  with  optimal  beam  quality  has  been  achieved  [4  ]. 
The  normalized  circulating  beam  emittance  £r,  £z  are  1  Ti 
and  3  7C  mm-mrad  respectively.  The  centering  error  is  no 
more  than  1.5  at  5th  turn.  All  of  these  excellent  design 
achievements  resulted  in  a  highly  reliable,  efficient 
cyclotron  system  for  isotope  production  [5,6].  The  efforts  of 
many  experts  who  worked  on  these  systems  with  high  degree 
of  professionalism  are  duly  recognized. 

we  report  here  about  the  recent  study  on  further 
utilization  and  capability  development  of  this  system  since 
1993.  The  first  is  the  development  and  tests  for  replacing 
just  the  high-power-source/  SQQ  system  with  a  simpler, 
lower-power  and  more  compact  injection  system,  for  TR13 
series  cyclotrons  suitable  for  hospital  PET  project 
installation.  A  2mA  source  and  a  4-quadrupole(4Q)/2- 
quadrupole(2Q)  compact  matching  section  was  chosen.  Up 
to  300  jXA  E  at  1  MeV  was  achieved  by  May  1993  with  this 
compact  system[7,8].  Since  Feb.  1994,  more  than  100  jXA  at 
13  MeV  has  been  obtained  routinely  from  a  TR13  cyclotron. 
The  second  is  to  explore  the  SQQ  system’s  ultimate 
capability  of  handling  large  beams.  In  1994,  a  new 
capability  of  1.5  mA  at  1  MeV  has  been  achieved.  The 


results  of  this  being  transferred  to  the  engineering  upgrade 
project  for  the  Nordion/TRIUMF  TR30  cyclotron.  By  April 
1995,  2  mA  at  1  MeV  was  reached. 

II.  SYSTEM  DESCRIPTION 
A.  SQQ  Injection  Line 

The  SQQ  injection  line  was  designed  by  Baartman 
[1,2,3].  The  method  begins  with  setting  the  physical 
parameters  the  system  has  to  deal  with.  A  25  KeV  injection 
energy  was  selected  and  this  define  the  py  value.  The 
source  parameters  such  as  waist  size,  divergence,  normalized 
emittance  were  chosen.  A  pair  of  cyclotron  acceptance 
ellipses  are  calculated  from  an  approximation  in  which  a 
dipole  magnet  strength  (1.2  T)  and  a  field  index  (n=0.09)  are 
defined.  The  £r  from  the  up  right  ellipse  approximation  are 
given  by  Pyv(r)((r)max)  Vp(cyc),  same  expression  for  £z. 
The  (r)  max  and  (z)  max  are  the  maximum  half  beam  size 
over  one  betatron  oscillation.  V(r),  V(z)  are  the  betatron 
frequency  at  the  first  turn  and  p(cyc)  is  the  cyclotron 
parameter  (20  cm).  With  half-size  4mm  by  13  mrad  at  the 
source  and  a  matched  size  of  1  mm  radial  and  1.7  mm 
vertical  on  the  first  turn,  the  matching  system  must  provide  a 
magnification  of  about  1/3.  This  defines  initially  the  drift 
length  from  source  waist  to  solenoid  centre  and  the  length 
from  solenoid  to  the  entrance  of  the  inflector. 

Beam  matching  at  the  first  turn  was  studied  for  a  number 
of  inflectors  with  the  electric  bend  radius  A  and  tilt 
parameter  k'  as  free  design  parameters.  The  normalized 
circulating  emittance  was  minimized  using  the  computer 
code  TRANSOPTR  [9],  for  each  transverse  plane  and  for  the 
sum  of  the  two,  £r  +  £z.  The  transfer  metrics  for  the 
inflector  were  obtained  using  the  program  CASINO  [10]. 

By  iterating  matching  calculations,  a  final  system  design 
is  defined.  More  detailed  studies  are  to  minimize  the 
emittance  growth  due  to  the  transverse  coupling  in  the 
inflector,  and  due  to  beam  orbit  off-cantering.  The  final 
reference  tune  was  decided  as  the  following  [2]:  Source 
waist  to  solenoid  centr — 1.3  meter;  solenoid  centre  to  Q1 
cent —  20.3  cm;  Q1  centre  to  Q2  centre  —  11.3  cm;  Q2 
centre  to  median  plane  21.4  cm.  Solenoid  field  — 1.4  kG 
nominal  at  210  amperes;  effective  length — ^23  cm  and  beam 
rotatio — 80x1  (ampere)  degrees.  Q1/Q2  pole  tip  field  = 
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-363/383  gauss  nominal,  effective  length  6/10  cm  and 
aperture  diameter  5  cm. 


Fig.  1.  Comparison  of  RF  1  MeV  beam  from  different  system 

In  addition  to  the  beam  rotation  by  the  solenoid,  the 
SQQ  can  be  rotated  with  respect  to  the  inflector  axis  as  a 
whole  without  breaking  vacuum.  The  ion  source  can  also  be 
rotated  with  respect  to  the  injection  line.  The  choice  of  25 
KeV  beam  energy  makes  the  beam  transport  most  easily  in  a 
magnetic  only  injection  system.  The  tune  of  beam  line  is 
almost  intensity-independent  up  to  14  mA  DC.  With  proper 
control  of  vacuum,  space  charge  neutralization  is 
maintained  and  in  turn  emittance  growth  due  to  space  charge 
effect  is  minimized. 

B.  4Q/2Q  Systems 

The  4Q/2Q  system  was  designed  by  Dehnel  et.  al.  [7], 
following  the  matching  technique  established  by  Baartman, 
The  SQQ  is  replaced  by  4  identical  compact  quadrupole 
modules,  while  the  injection  energy,  the  cyclotron  central 
region,  tune  frequency  and  the  inflector  parameters  are 
remained  the  same.  Assuming  an  initial  source  waist  radius 
of  1.5  to  2.0  mm  yielded  the  6cnr  +  £cnz  sum  between  1,4 
and  1.8  7t-mm-mrad.  For  2Q  (Q1+Q2)  system,  the 
optimized  sum  value  is  in  3.0  to  4.0  7C-mm-mrad  range. 

The  optimization  results  in  a  system  using  50  cm  source 
waist  to  1st  Q  drift  length;  21  cm  from  the  4th  Q  to  the 
inflector  and  three  equal  spacing  of  13.5  cm  between  Qs. 
The  nominal  pole  face  field  strength  for  4Q  system  are 
+290,  -560  +560  and  -530  gauss  for  Ql,  Q2,  Q3,  and  Q4 
respectively.  The  effective  length  is  10  cm  with  bore 
diameter  of  5  cm.  Again,  the  whole  4Q/2Q  can  be  rotated 
with  respect  to  the  inflector  axis.  The  1st  Q  can  also  be  used 
as  skew  quadrupole. 

III.  TESTS  and  RESULTS 
A.  Tests  with  4Q/2Q  System 


The  performance  of  the  4Q/2Q  system  is 
summarized  in  Fig.  1  where  the  RF  acceptance  is  plotted  a 
function  of  DC  current  through  a  20  mm  collimator  40  cm . 
from  the  extractor.  Rotational  optimization  (RO)  and  non 
rotational  optimization  (NRO)  are  shown  for  S2E2  and  for 
both  4Q  and  2Q  cases.  We  observed  that  the  rotational 
optimization  always  improves  the  transmission.  For  4Q 
case,  curve  4  moves  up  to  curve  2,  while  for  2Q  case,  curve 
7  moves  up  to  6.  The  test  results  agree  with  the  prediction 
that  4Q  would  yield  smaller  emittance  than  2Q  can.  The 
S2E2  beam  was  tuncated  to  20mm  aperture.  The  DC 
intensity  was  2mA  and  the  corresponding  normalized 
emittance  was  0.27  Tt-mm-mrad.  300  |xA  RF  beam  was 
obtained  with  15%  RF  acceptance.  Larger  Emittance  beam 
resulted  in  lesser  RF  acceptance  as  curve  5  compared  to 
curve  4. 

B.  Tests  with  4Q/2Q  on  TR13  Cyclotron 


Fig.  2.  DC  transmission  and  RF  acceptance  of  TR13 
cyclotron 

The  beam  tests  for  the  TR13  cyclotron  followed  the 
same  procedures  as  exercised  at  CRM,  but  unusual  results 
were  obtained.  We  found  the  4Q  performance  was  inferior 
to  that  from  2Q  tuning  as  shown  in  Fig.  2.  It  was  found  that 
the  differences  came  from  a  different  extraction  (E3)  and  a 
downsized  pumping  system.  Also  the  drift  length  increase 
about  6  cm  and  the  center  magnetic  field  decreased  about  1 
kG^  Optimizations  with  Q  rotation  and  axial  position  of  the 
inflector  exit  were  performed.  The  graphic  illustration  for 
the  improvement  has  been  presented  in  a  previous  paper  [8]. 

C.  Tests  With  the  SQQ  System 

The  SQQ  system  has  been  vigorously  studied  since 
April  1994.  After  a  few  iterating  cycles  of  source  output  and 
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injection  line  optimization,  a  high  power  source-extraction 
S4E4  was  finally  developed  to  obtain  14mA  DC  beams 
through  the  inflector.  This  is  shown  in  Fig.  3.  The 
corresponding  unbunched  RF  beam  at  1.1  MeV  reach  2  mA. 
The  source  normalized  emittance  for  beam  size  tuncated  to 
a  20  mm  circle  and  40  cm  from  the  source  exit  are  also 
shown  as  a  function  of  transmitted  beam.  From  5  mA  on  the 
emittance  increases  from  0.37  7C-mm-mrad  to  o.65  7t-mm- 
mrad  at  14  mA.  The  cyclotron  acceptance  falls  off  from 
16%  to  14.2%, 


DC  H  Thru  Inflecto  (mA) 


Fig.  3,  DC  K  Thru  inflector  obtainable  and  If  obtainable 
at  1.1  MeV  from  SQQ  system  of  CRM 

On  the  other  hand,  when  the  beam  intensity  is  small  the 
emittance  value  is  also  high  (0.46  7C-mm-mrad  at  0.4  mA). 
But  the  transmission  is  still  maintained  at  16%  revealing  that 
space  charge  effect  causes  emittance  growth  at  high  beam. 
The  RF  system  at  CRM  does  not  have  enough  power  to  hold 
50kV  and  2.2  kW  of  RF  beams  at  1,1  MeV  at  the  same  time, 
the  dee  voltage  is  believed  to  be  less  than  50  kV,  which  in 
turn  contributes  to  the  fall-off  of  acceptance. 

IV.  DISCUSSION 

From  the  4Q/2Q  tests  with  the  TR13  cyclotron, 
sufficient  beam  current  of  220  pA  at  1  MeV  (210  at  13 
MeV)  has  been  achieved  at  only  7  amp  arc  power.  For 
normal  factory  procedure  and  routine  operation,  150  pA  has 
been  obtained  without  test  optimization.  The  2Q  option  met 
all  the  requirements  for  the  TR13  and  it  was  the  most  cost 


effective  solution  for  100  pA  only  specification.  As  a  result, 
it  becomes  the  TR13  designated  injection  line. 

For  RF  beam  current  exceeding  1  mA,  the  SQQ  system 
is  the  one  of  choice.  The  SQQ  system  possesses  certain 
optical  capability  that  the  4Q/2Q  would  not  have,  i.e.,  a 
larger  bore  diameter  in  the  solenoid,  a  stronger  focusing 
lens  and  the  beam  rotation  when  passing  through  the 
solenoid  field.  The  beam  shape  from  the  source-extraction 
system  has  been  assumed  a  cylindrical  symmetry.  This  is 
true  only  if  the  beam  intensity  is  small.  At  high  ion  source 
power  and  high  extracted  beam  current,  the  beam  shape 
appears  to  be  elliptical.  The  solenoid  rotates  this  beam 
about  160  degree  at  200  amperes,  matching  the  transverse 
plane  to  those  of  the  doublet.  Thus  the  source  axis  rotation, 
the  SQQ  rotation  with  respect  to  the  inflector  entrance  axis 
and  the  beam  rotation  in  the  solenoid  give  a  optimal 
matching  capability. 

In  conclusion,  the  compact  4Q/2Q  systems  perform  well 
with  smaller  beam  intensity,  while  the  SQQ  system  has  a 
higher  beam  handling  capability. 
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Abstract 

To  increase  the  polarized  proton  beam  intensity  in  the  lUCF 
Cooler  ring,  this  ring  will  be  equipped  with  a  new  injector  con¬ 
sisting  of  a  7  MeV  linear  accelerator  and  an  80  MeV  Cooler 
Injection  Synchrotron  (CIS).  The  linear  accelerator  will  acceler¬ 
ate  negative  hydrogen  ions  which  will  be  strip-injected  into  CIS. 
Tracking  calculations  have  been  made  to  estimate  the  beam  in¬ 
tensity  that  can  be  achieved  within  a  specified  emittance. 


1.  STRIPPING  INJECTION  OF  H"  INTO  CIS 

The  choice  of  injection  mode  in  CIS  is  dictated  by  the  still 
modest  intensity  available  from  present  polarized  ion  sources. 
While  the  pulsed  beam  intensity  capabilities  of  modem  polar¬ 
ized  and  D+  sources  is  impressive  (>  200  fiA)  and  grow¬ 
ing,  it  is  still  about  a  factor  of  20  smaller  than  required  for  single 
turn  kick  injection  to  provide  the  2.5  •  10^^  particles  desired  for 
Cooler  injection.  This  goal  can  only  be  achieved  via  stripping 
injection  of  polarized  H”  and  D“  ions. 

Negative  polarized  hydrogen  ions  will  be  strip-injected  into 
CIS  to  produce  protons  (deuterons)  that  will  be  accelerated  to 
80  MeV  (65  MeV)  [1].  With  the  high  intensity  polarized  ion 
source  (HIPIOS)  [2]  it  is  possible  to  produce  a  20  /i  A  polarized 
H“  beam.  This  beam  will  be  accelerated  by  a  radio  frequency 
quadrupole  (RFQ)  to  3  MeV,  and  by  a  drift  tube  linac  (DTU),  to 
7  MeV. 

The  injection  elements  in  CIS  are  a  4  fig/cw?  carbon  strip¬ 
per  foil  located  at  the  center  of  the  injection  straight  section,  and 
two  bumper  magnets  which  are  180  ^  apart  in  phase  advance  and 
centered  about  the  stripper  foil.  The  bumper  magnets  are  used 
to  displace  the  circulating  beam  during  the  injection  so  that  in¬ 
coming  ions  are  injected  close  to  the  circulating  orbit  in  order 
to  keep  the  emittance  small.  The  foil  strips  electrons  from  the 
injected  hydrogen  ions  but  it  also  scatters  circulating  particles 
during  injection.  Therefore  the  beam  will  be  heated  in  both  lon¬ 
gitudinal  and  transverse  phase  spaces. 

Stripping  injection  is  usually  accomplished  by  moving  the  cir¬ 
culating  beam  close  to  the  foil  edge  so  that  circulating  particles 
pass  through  the  foil  as  few  times  as  possible.  For  CIS  however, 
the  emittance  of  the  injected  beam  is  comparable  with  the  max¬ 
imum  beam  emittance  that  can  be  accepted  and  therefore  it  is 
necessary  to  bump  the  closed  orbit  onto  the  foil  so  that  the  in¬ 
jected  and  the  circulating  beams  overlap.  To  prevent  particles 
from  passing  through  the  foil  on  each  turn,  a  stripper  foil  is  used 
which  has  two  unsupported  edges.  The  foil  strip  width  is  the  size 
of  the  injected  beam.  For  a  7  MeV  proton  beam  with  1.57r  /zm 
normalized  emittance,  the  width  of  the  strip  would  be  7.4  mm  if 
the  injected  beam  is  matched  with  the  ^-function  at  the  foil. 

There  might  be  a  possibility  to  gain  more  intensity  by  fo¬ 
cussing  the  injected  beam  on  a  narrower  foil.  The  usable  emit- 
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tance  must  however  be  larger  than  the  emittance  of  the  injected 
beam. 

It  is  more  important  to  make  the  foil  thin.  A  carbon  foil 
as  thin  as  4  fig/cw?  is  available  at  lUCF  now,  but  it  might  be 
worth  while  trying  to  make  even  thinner  foils.  Fig.  1  shows  a 
4.5  /zg/cm^  thin  carbon  foil  with  two  unsupported  fedges. 


11.  THE  EMITTANCE  GROWTH  AT  THE 
STRIPPER  FOIL 

Each  time  a  particle  passes  through  the  foil  it  loses  energy  and 
is  scattered  through  a  small  angle.  The  energy  loss  causes  a  dis¬ 
placement  of  the  closed  orbit  with  resulting  emittance  growth. 
Since  the  energy  loss  is  random  it  also  heats  the  longitudinal  mo¬ 
tion.  However,  it  is  the  multiple  scattering  and  the  closed  orbit 
displacement  which  dominate  the  emittance  growth.  For  protos 
and  deuteros  at  the  relevant  energies,  the  emittance  growth  can 
be  estimated  roughly  as 


with 


6.8  MeV 


47.2  g/cm^ 


as  the  rms  multiple  scattering  angle  and 
M  =  0.077 


(1) 

(2) 

(3) 


as  the  average  relative  momentum  loss.  /3*  =  1.1  m  is  the 
horizontal  /^-function  at  the  foil,  d  is  the  foil  thickness,  D  = 
1.7  is  the  dispersion  at  the  foil,  xp  is  the  betatron  oscillation 
displacement  3  mm)  and  (3c  is  the  velocity  of  the  ion.  The 
maximum  number  of  foil  passages  a  single  proton  (deuteron) 
can  make  before  the  emittance  becomes  too  large  is  given  by 
e/Ae.  For  a  7  MeV  proton  passing  through  a  4  /zg/cm^  carbon 
foil  and  with  IOtt  ^m  as  the  maximum  emittance  at  80  MeV,  the 
number  of  foil  traversals  is  100. 


III.  A  COMPARISON  BETWEEN  THE  BEAM  AT 
INJECTION  AND  AT  EXTRACTION 

The  normalized  beam  emittance  from  the  ion  source  is 
I.Stt  /zm  which  is  equivalent  to  a  3.67r  /zm  un-normalized  emit¬ 
tance  at  the  extraction  energy  80  MeV  in  CIS.  On  the  other 
hand,  the  acceptance  of  the  injection  system  in  the  Cooler  ring 
is  27r  ^m.  Therefore,  even  before  considering  the  beam  energy 
spread  or  the  emittance  growth  at  the  stripper  foil,  only  a  frac¬ 
tion  of  the  available  beam  can  be  injected  into  the  Cooler.  In 
addition,  the  Cooler  has  a  longitudinal  acceptance  of  AT  jT  — 
±5  •  10“^  while  the  beam  from  the  RFQ  has  an  energy  distri¬ 
bution  with  spread  AT/T^pQ  =  ±10  •  10”^.  Therefore,  more 
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Figure  L  The  4.5  //g/cm^  carbon  stripper  foil  with  two  unsup¬ 
ported  edges.  The  width  of  the  foil  is  7  mm. 


Figure  2.  The  usable  emittance  at  the  injection  energy  (7  MeV) 
for  the  27r  and  IOtt  cooler  acceptance.  The  emittances 
appear  larger  than  they  are  because  individual  particles  have  dif¬ 
ferent  closed  orbits.  The  vertical  lines  indicates  the  location  of 
the  stripper  foil  and  the  shaded  area  the  CIS  acceptance. 


than  70%  of  the  particles  from  CIS  will  be  outside  the  accep¬ 
tance  of  the  Cooler. 

The  usable  fraction  of  the  beam  injected  into  CIS  can  be 
greatly  improved  by  opening  up  the  acceptance  of  the  Cooler 
injection  channel  to  IOtt  //m  and  by  installing  a  de-buncher  be¬ 
tween  the  RFQ  and  CIS  to  reduce  the  beam  energy  spread  by  a 
factor  of  about  five  [3]. 

IV.  CALCULATIONS  ON  STRIPPING 
INJECTION 

To  take  into  account  the  longitudinal  and  transverse  phase 
space  of  the  injected  beam,  tracking  calculations  for  coasting 
beams  in  CIS  were  made.  Since  the  aperture  limits  in  the  hor¬ 
izontal  plane  are  more  important  than  in  the  transverse  plane, 
only  the  motion  in  the  horizontal  and  in  the  momentum  phase 
space  were  considered.  1000  test  particles  are  injected  at  the 
stripper  foil  with  a  uniform  transverse  phase  space  distribution 
and  a  Gaussian  momentum  distribution.  The  intensity  gain  is 
obtained  as  an  integral  over  the  phase  space  and  over  the  number 
of  turns  they  can  make  within  the  usable  emittance.  Similar  cal¬ 
culations  have  been  made  for  CELSIUS  in  Uppsala  [4],  [5]  and 
here  the  same  atomic  model  of  the  stripper  foil  has  been  used. 

Whenever  a  particle  hits  the  stripper  foil,  its  direction  and  its 
momentum  is  changed  randomly  to  simulate  the  multiple  scat¬ 
tering  and  the  energy  loss.  The  particle  tracking  is  done  twice 
in  order  to  first  obtain  the  average  relative  momentum  loss  —S. 
On  the  second  tracking  pass  the  longitudinal  and  the  transverse 
acceptance  are  taken  into  account.  A  particle  is  removed  if  its 
three-dimensional  emittance 

_  {x-  DS)^  -h  {a{x  -  D5)  -h  emax{S  -  S)^ 

p 

is  larger  than  the  usable  emittance  which  corresponds  to  the 
aperture  limit  at  the  extraction  energy.  S  =  ±2,5  •  10“^  is  the 
longitudinal  Cooler  acceptance.  Fig.  2  shows  the  projection  of 
the  usable  emittance  on  the  x^  a:'-plane. 

In  Table  I  results  from  the  tracking  calculations  for  3  MeV 
and  7  MeV  protons  for  a  4  //g/cm^  carbon  foil  are  tabulated.  The 


intensity  multiplication  factor  for  7  MeV  protons  with  a  IOtt  //m 
Cooler  acceptance  and  without  de-buncher  is  190. 

Increasing  the  injection  energy  from  3  MeV  to  7  MeV  im¬ 
proves  the  intensity  by  a  factor  of  four  as  a  result  of  smaller 
emittance  growth  at  the  foil.  The  average  number  of  foil  pas¬ 
sages  h  that  protons  make  during  the  injection  is  approximately 
four  times  larger  for  7  MeV  than  for  3  MeV  and  is  consistent 
with  estimated  values  (eq.(l)). 

Opening  up  the  acceptance  of  the  Cooler  injection  channel 
from  27r  ^m  to  IOtt  //m  also  results  in  a  factor  of  four  increase 
in  intensity,  mainly  because  the  injected  beam  fits  within  the 
usable  emittance.  It  is  also  because  particles  are  forced  to  pass 
through  the  foil  less  frequently  in  order  to  stay  inside  the  usable 
emittance.  The  larger  emittance  growth  allowed  improves  the 
result  by  a  factor  less  than  1 .5  to  be  compared  by  a  factor  of  five 
fromeq.  (1). 

The  de-buncher  improves  the  results  by  30%,  mainly  because 
the  energy  spread  of  the  injected  beam  after  the  de-buncher  is 
smaller  than  the  longitudinal  acceptance  of  the  Cooler.  The  en¬ 
ergy  loss  straggling,  which  heats  the  beam  in  the  longitudinal 
phase  space,  is  unimportant. 

The  intensity  gain  is  shown  versus  time  on  the  foil  in  Fig, 
3.  A  factor  of  two  in  foil  thickness  reduction  produces  roughly 
a  factor  of  two  in  intensity  increase,  which  is  expected  since 
both  0rms^  and  AS  are  proportional  to  the  foil  thickness  (eqs. 
(2)  and  (3)).  However,  since  the  lifetime  is  longer  it  would  be 
necessary  to  inject  longer  for  very  thin  foils.  The  maximum 
pulse  lenght  from  the  RFQ  is  360  //s  and  therefore  it  is  unsertain 
if  foils  thinner  than  1  or  2  figlcw?  will  in[q)rove  the  intensity 
further. 

A  mis-match  of  the  injected  beam  with  the  /^-function  at  the 
foil  can  improve  the  intesity  up  to  10%  for  the  IOtt  /im  aper¬ 
ture.  The  best  result  was  obtained  for  a  0.5  m  ^-function  of  the 
injected  beam  and  a  corresponding  stripper  foil  width  of  5  mm. 

V.  CONCLUSIONS 

Based  on  these  calculations,  it  was  desided  to:  1)  rise  the  in¬ 
jection  energy  from  the  original  3  MeV  to  7  MeV  to  reduce  the 
emittance  growth  at  the  stripper  foil.  This  will  be  accompliced 
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Table  I 

Results  from  Tracking  Calculations  on  Stripping  Injection 


Ion 

T 

[MeV] 

e 

[irpm] 

AT/T 

h 
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I/Io 

p 

3 

2 

0.005 

25 

14 

14 

p 

3 

2 

0.010 

31 

26 

12 

p 

3 

10 

0.005 

38 

33 

62 

p 

3 

10 

0.010 

40 

34 

56 

p 

7 

2 

0.005 

99 

49 

59 

p 

7 

2 

0.010 

120 

80 

46 

p 

7 

10 

0.005 

130 

100 

250 

p 

7 

10 

0.010 

130 

120 

O 

o^ 

d 

5 

2 

0.005 

48 

19 

15 

d 

5 

2 

0.010 

43 

33 

10 

d 

5 

10 

0.005 

49 

39 

88 

d 

5 

10 

0.010 

54 

41 

61 

T  is  the  injection  energy,  e  the  Cooler  acceptance,  ±  AT /T  the 
beam  energy  spread  (90%),  h  the  average  number  of  foil  pas¬ 
sages,  r  the  1/ e-lifetime  and  I /lo  is  the  intensity  gain. 

by  an  additional  linear  accelerator  (DTL)  between  the  RFQ  and 
CIS.  2)  open  up  the  Cooler  injection  channel  as  much  as  pos¬ 
sible.  3)  Install  a  debuncher  in  the  CIS  injection  beam  line  to 
reduce  the  longitudinal  energy  spread  from  the  two  linear  ac¬ 
celerators.  With  this  modifications  it  is  possible  to  gain  a  fac¬ 
tor  of  250  in  intensity  for  protons.  Assuming  50%  transmission 
through  the  new  injector  this  would  produce  7.5  •  10®  particles 
per  pulse  to  be  injected  into  the  Cooler.  To  reach  CIS  perfo- 
mance  goal  which  is  2.5  •  10^°  particles  per  pulse,  the  ion  source 
intensity  has  to  exceed  65  //A  and  the  normalized  beam  emit- 
tance  has  to  be  smaller  than  1.57r  //m.  I.e,  to  reach  the  CIS  per¬ 
formance  goal  a  three  times  brighter  ion  source  than  HIPIOS  is 
needed. 
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Figure  3.  The  intensity  gain  of  7  MeV  protons  plotted  vs.  the 
pulse  lenght  from  the  RFQ  and  for  different  foil  thicknesses. 
The  acceptance  of  the  Cooler  injetion  channel  was  IOtt  pm.  The 
solid  line  shows  the  gain  calculated  without  energy  loss  or  scat¬ 
tering  at  the  foil. 
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Abstract 

The  Superconducting  Super  Collider  was  designed 
with  a  very  exacting  emittance  budget.  In  order  to  avoid 
emittance  dilution  in  the  transfer  of  beam  from  the  Low 
Energy  Booster  to  the  Medium  Energy  Booster,  it  is  helpful 
to  ensure  that  the  transfer  line  connecting  the  two  machines 
is  tuned  as  designed.  We  discuss  beam-based  techniques 
for  ensuring  that  the  transfer  line  is  tuned  as  designed,  and 
errors  associated  with  this  procedure. 

1.  BACKGROUND 

In  order  to  avoid  emittance  dilution  when  injecting  a 
beam  into  a  circular  machine,  it  is  necessary  to  properly 
match  the  a  and  jS  functions  of  the  injected  beam  to  those 
of  the  machine  lattice.  These  a  and  P  functions  cannot  be 
directly  monitored  at  the  injection  point  to  the  circular 
machine,  but  they  may  be  calculated  by  measuring  beam 
profiles  at  a  number  of  points  in  the  transfer  line  upstream 
of  this  injection  point.  If  these  measurements  are  to  be 
used  to  determine  matching  to  the  circular  machine,  it  is 
necessary  to  know  the  transfer  matrices  between  the 
measurement  points  and  the  circular  machine  injection 
point  with  high  precision,  and  it  is  preferred  that  these  be 
tuned  to  design  values. 

One  possible  approach  to  tuning  such  a  transfer  line 
would  be  to  observe  beam  widths  with  a  large  number  of 
beam  profile  monitors,  perhaps  as  many  as  one  or  two  per 
cell.  This  solution  was  proposed  by  some  at  the 
Superconducting  Super  Collider  (SSC)  Laboratory  for  the 
Low  Energy  Booster  (LEB)  to  Medium  Energy  Booster 
(MEB)  transfer  line,  but  was  rejected  because  it  was  too 
costly  and  was  not  necessary.  Because  of  the  design  of  this 
line  as  a  FODO  lattice  of  90°  cells  [1],  a  simple  beam- 
based  procedure  relying  on  beam  deflection  and 
measurement  of  beam  displacement  may  be  used  to  tune 
the  quadrupoles  in  this  line  very  accurately  and  precisely. 
If  the  quadrupoles  have  been  precisely  positioned,  this 
procedure  will  assure  proper  tuning  of  the  line. 

Since  this  technique  uses  the  beam  as  a  diagnostic,  it 
does  not  require  that  the  quadrupoles  have  well- 
characterized  or  repeatable  B/I  characteristics  or  that  their 
fields  be  monitored.  It  will  work  equally  well  with  transfer 
lines  containing  either  laminated  or  solid-core  quadrupoles. 


*  Work  performed  at  the  SSC  Laboratory,  operated  by 
Universities  Research  Association,  Inc.  for  the  U.S. 
Department  of  Energy  under  Contract  No.  DE-AC35- 
89rR40486. 

"t"  Operated  by  the  Universities  Research  Association, 
Inc.  under  contract  with  the  U.S.  Department  of  Energy. 


II.  ROUGH  TUNING 

First  consider  a  single  cell  of  the  FODO  lattice,  as 
shown  in  Fig.  1,  where  the  first  lens  is  a  horizontally- 
focusing  quadrupole.  Nearly  every  cell  contains  a 
horizontal  dipole  deflector  (steering  magnet)  at  the 
beginning,  just  after  the  first  quadrupole,  and  a  horizontal 
beam  position  monitor  (BPM)  at  the  end,  just  before  the 
first  quadrupole  of  the  next  cell.  In  the  center,  on  either 
side  of  the  defocusing  quadrupole,  are  a  vertical  BPM  and 
a  vertical  corrector. 


Figure  1:  Rough  tuning  procedure. 

In  Fig.  1  and  the  equations  to  follow,  I  is  the  half-cell 
length,  Zd  is  the  distance  fi*om  the  lens  center  to  the  dipole 
corrector,  Zb  is  the  distance  from  the  BPM  to  the  lens 
center,  and/  is  the  focal  length  of  the  lens. 

The  rough  tuning  procedure  is  simply  to  deflect  beam 
at  the  beginning  of  the  cell,  to  measure  its  offset  at  the  end 
of  the  cell,  and  to  tune  the  central  defocusing  lens  to  correct 
the  offset. 

The  transfer  matrix  from  deflector  to  BPM  is  the 
product  of  three  matrices:  a  drift,  a  (thin)  defocusing  lens, 
and  a  second  drift.  The  ( jd  0)  element  of  this  matrix  may  be 
found,  giving  the  beam  offset  at  the  BPM  as  a  function  of 
the  horizontal  deflection  at  the  dipole  corrector: 

^  =  (/-zd)  +  {I-zb)  +  (1) 

It  can  be  easily  shown  that  in  the  thin-lens 
approximation,  a  90°  cell  is  properly  tuned  when/^/^/2. 
Substituting  this  into  Eq.  (1),  the  offset  for  a  properly  tuned 
cell  may  be  found: 

^  =  {2+i2)l-(l  +  i2){zD  +  ZB)+'^^-^^  (2) 

0  I 

The  rough  tuning  procedure  is  then  simply  to  adjust 
each  quadrupole  until  the  proper  deflection  is  obtained.  By 
alternating  between  horizontal  and  vertical  planes,  the 
entire  transfer  line  may  be  tuned. 

The  precision  of  this  tuning  may  be  determined  by 
applying  first-order  perturbation  theory  to  Eq.  (1).  We 
assume  that  distances  (/,  zd,  Zb)  are  known  to  very  high 
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precision,  so  errors  in  these  are  ignored.  The  pertinent 
error  sources  are  errors  in  6  (due  to  calibration  or  power 
supply  errors,  or  nonlinearity  of  the  dipole  correctors)  and 
errors  in  x  (due  to  BPM  calibration  or  resolution). 

Expanding  Eq.  (1)  to  first  order  in  jc,  6  and  /,  setting 
the  focal  length  to  the  proper  value,  and  applying  the 
approximation  that Z/), Zb«U  one  finds: 

^=(l  +  V2)(^-^)  (3) 

/l  V  X  0  / 

Assuming  a  BPM  measurement  precision  of  0.1mm 
rms  and  an  offset  of  ±lcm  (2cm  total  swing),  the  position 
measurement  error  is  about  0.7%.  Assuming  an  rms  error 
of  1%  in  setting  the  angle,  the  total  angular  swing  is  in 
error  by  about  0.7%.  Thus  the  lens  settings  using  this 
procedure  will  be  in  error  by  about  2.4%  rms.  This  should 
be  sufficient  for  a  preliminary  tuning  of  the  lattice,  but  for 
the  LEB  to  MEB  transfer  line  would  not  have  been  precise 
enough  to  ensure  proper  matching  of  the  line  to  the  MEB. 

III.  HNE  TUNING 

Much  greater  precision  can  be  obtained  from  a  tuning 
procedure  involving  two  cells,  shown  in  Fig.  2.  Upon 
traversing  two  90°  cells,  the  beam  will  have  passed  through 
180°  and  will  be  back  on-axis.  This  will  be  true  at  the 
horizontal  corrector  two  cells  from  the  initial  deflection. 
The  BPM  is  not  exactly  180°  away  from  the  first  corrector, 
so  the  beam  will  have  a  slight  offset  as  measured  at  the 
BPM.  The  beam  position  at  this  BPM  is  a  very  sensitive 
function  of  the  tuning  of  the  central  (focusing)  quadrupole, 
and  permits  very  precise  tuning  of  this  quadrupole. 


Figure  2:  Fine  tuning  procedure. 

The  tuning  condition  may  again  be  calculated.  The 
{x\0)  element  of  the  transfer  matrix  for  two  cells  is: 


For  proper  tuning,  the  focal  lengths  should  again  be 
Substituting  this  into  Eq.  (4),  one  finds: 

^  =  (zo  +  zg)-  — (5) 

e  I 


The  tuning  procedure  is  similar  to  the  rough  tuning 
procedure  above.  One  adjusts  the  central  lens  to  give  the 
proper  deflection  at  the  BPM,  then  moves  downstream  by  a 
half-cell  and  does  the  same  with  the  y-plane  to  adjust  the 
next  quadrupole.  Again,  each  quadrupole  may  be  adjusted 
in  turn  along  the  FODO  lattice. 

The  precision  of  this  two-cell  tuning  may  be 
determined  by  applying  first-order  perturbation  theory  to 
Eq.  (4).  We  again  assume  that  distances  (/,  Zz)»  ^re 
known  to  very  high  precision,  so  errors  in  these  are 
ignored.  Expanding  Eq.  (4)  to  first  order  in  jc,  d  and  /, 
setting  the  focal  lengths  to  the  proper  value,  and  applying 
the  approximation  that  Zd»  Zb  «  ^  one  finds: 


Note  that  because  of  the  small  size  of  the  deflection,  x, 
at  the  BPM,  its  error  has  been  normalized  to  X/nax»  ^^e 
deflection  at  the  center  of  the  two-cell  pair.  Note  also  that 
the  tuning  of  the  central  lens  is  very  insensitive  to  errors  in 
the  deflection  angle. 

Assuming  a  BPM  measurement  precision  of  0.1mm 
rms  and  an  offset  of  ±lcm  (2cm  total  swing)  at  the  central 
quadrupole,  the  position  measurement  error  is  again  about 
0.7%.  Because  of  the  denominator  in  Eq.  (6)  above,  this 
gives  an  error  contribution  to  /2  of  only  0.06%.  Assuming 
an  rms  error  in  setting  the  angle  of  1%,  the  total  angular 
swing  is  in  error  by  about  0.7%,  which  gives  a  negligible 
contribution  to  errors  in/2.  (Assuming  that  zb  and  zd  are 
each  about  0.5m,  and  the  half-cell  length  I  is  about  10m, 
this  gives  an  error  contribution  to  /2  of  about  0.005%.) 
Assuming  that/i  has  already  been  set  very  precisely  using 
this  two-cell  procedure,  its  errors  also  give  a  negligible 
contribution  to  errors  in/2  (about  0.02%).  Assuming  that/3 
has  previously  been  set  using  the  single-cell  procedure  to 
an  rms  precision  of  2.4%,  its  errors  give  an  error  in/2  of 
about  0.2%.  Thus  a  single  application  of  this  two-cell 
tuning  procedure  to  the  FODO  lattice  allows  setting  of  the 
quadrupoles  to  a  precision  of  about  0.2%,  dominated  by 
errors  in  J3.  A  second  application  of  the  procedure  allows 
setting  of  the  quadrupoles  to  a  precision  of  about  0.06%, 
dominated  by  errors  in  measurement  of  beam  position. 

This  precision  is  more  than  sufficient  for  the  tuning  of 
the  LEB  to  MEB  transfer  line  of  the  SSC.  Simulations 
show  that  0.1%  rms  errors  on  the  quadrupoles  give  less 
than  1%  emittance  growth  [1]. 

IV.  COMPLICATIONS 

A,  Thick  Lenses 

In  the  above  analyses,  a  thin-lens  approximation  was 
used.  This  approximation  may  be  improved  by  modeling 
the  quadrupoles  as  thick  lenses  using  the  principal  plane 
construction  of  classical  optics.  For  a  reasonably  thin 
quadrupole,  the  principal  planes  are  very  close  to  the  center 
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of  the  quadrupole.  To  first  order,  their  displacement  from 
the  center  of  the  quadrupole  is  given  by: 


where  Zp  is  the  distance  between  the  principal  plane  and  the 
quadrupole  center,  Iq  is  the  effective  length  of  the 
quadrupole,  and /is  the  focal  length  of  the  quadrupole. 

Distances  should  be  taken  from  the  principal 

planes  rather  than  from  the  centers  of  the  quadrupoles.  The 
principal  planes  are  on  opposite  sides  of  the  lens  center  for 
focusing  and  defocusing  quadrupoles.  Because  of  this,  the 
effective  distance  I  between  a  focusing  and  defocusing  lens 
does  not  change,  so  neither  should  the  lens  focal  lengths  /. 
The  distances  Zp  and  Zp  in  the  focusing  condition  (Eqs.  (2) 
and  (5))  are  modified  slightly,  however. 

This  effect  can  be  estimated  for  the  parameters  of  the 
LEB-MEB  transfer  line  of  the  SSC.  For  a  0.5m 
quadrupole,  tuned  to  a  focal  length  of  about  7m,  the 
principal  planes  are  offset  about  1.5mm  from  the 
quadrupole  centers,  so  that  the  sum  (zp  +  is  changed  by 
about  3mm,  A  deflection  angle  of  about  0.3mrad  gives  a 
deflection  of  about  1cm  maximum  at  a  focusing  quadrupole 
90°  away.  Using  this  deflection,  the  shift  in  transverse 
beam  position,  jc,  in  the  focus  equations  (Eqs.  (2)  and  (5))  is 
on  the  order  of  l|Lim,  which  is  well  below  the  resolution 
assumed  for  the  BPMs.  Thus,  the  thin  lens  approximation 
is  perfectly  adequate  for  this  case,  and  introduces  no 
detectable  errors. 

B.  Bends 

Transfer  lines  are  not  always  straight.  Generally,  there 
are  bends  in  the  lines  to  assist  in  injection  to  a  circular 
machine.  These  bends  are  accomplished  by  large  dipole 
magnets  inserted  in  drift  spaces  of  the  basic  FODO  lattice. 
If  these  magnets  are  horizontally  bending  and  have  flat 
ends,  there  is  no  effect  on  horizontal  focus.  There  is, 
however,  a  slight  vertical  focusing  effect,  which  can  be 
modeled  as  a  weak,  thin  lens  at  each  end  of  the  dipole.  For 
small  angular  deflections,  the  focal  length  of  each  of  these 
lenses  is  given  by: 

//)=%  (8) 

where/o  is  the  focal  length  of  the  equivalent  lens,  /£>is  the 
effective  length  of  the  bend  dipole,  and  a  is  the  bend  angle. 

If  a  dipole  is  about  2m  long,  and  the  bend  angle  is 
about  50mrad,  the  focal  length  is  about  800m,  and  the 
composite  (both  ends)  is  about  400m.  If  this  bend  is  near  a 
quadrupole,  which  has  a  focal  length  of  about  7m,  it 
represents  about  a  2%  effect.  This  additional  focusing 
must  be  taken  into  account  in  the  tuning  equations  (Eqs. 
(4)-(6)),  but  since  the  cells  still  have  nearly  90°  phase 
advance,  this  extra  focusing  does  not  destroy  the  precision 
of  the  tuning  procedure. 


C.  Missing  Correctors  or  BPMs 

It  has  been  assumed  that  each  half-cell  contains  a 
correction  dipole  and  a  BPM.  While  this  is  desirable,  it  is 
not  absolutely  necessary.  If  a  dipole  corrector  is  missing 
from  a  half-cell,  and  the  upstream  quadrupoles  have  been 
adjusted  correctly,  a  corrector  located  two  cells  (180°) 
upstream  may  be  used.  Similarly,  if  a  BPM  is  missing  and 
the  downstream  quadrupoles  are  adjusted  correctly,  a  BPM 
located  two  cells  (180°)  downstream  may  be  used. 

D.  Matching  Sections 

Special  consideration  must  be  given  to  the  transition 
from  the  transfer  line  into  the  circular  machine.  The  tuning 
procedure  for  the  last  two  or  three  quadrupoles  in  the  line 
would  have  been  modified  slightly,  with  a  number  of 
BPMs  in  the  MEB  used  to  detect  displacements,  but  this 
should  not  have  affected  the  precision  of  the  procedure. 

In  general,  transfer  lines  may  have  matching  sections 
at  their  downstream  end  to  match  a  and  P  functions  from 
the  line  to  the  circular  machine,  which  would  further 
complicate  tuning  considerations  at  the  end  of  the  line. 
The  LEB-MEB  transfer  line  design  had  no  such 
downstream  matching  section  (implying  that  beam  was 
"mismatched"  in  the  transfer  line,  exhibiting  large  "beta 
waves"),  although  pairs  of  quadrupoles  at  the  downstream 
end  may  have  been  used  for  dispersion  matching  [1]. 

V.  CONCLUSIONS 

It  has  been  shown  that  a  transfer  line  composed  of  90° 
FODO  cells  can  be  tuned  very  accurately  and  precisely  by 
a  procedure  based  on  deflecting  beam  and  observing  its 
offset  approximately  two  cells  (180°)  downstream.  For  the 
LEB-MEB  transfer  line  at  the  SSC,  this  would  have 
allowed  the  quadrupoles  to  be  tuned  to  a  precision  of  about 
0.06%  rms,  resulting  in  less  than  1%  emittance  growth  due 
to  a  and  p  function  mismatch.  This  answers  the  concerns 
of  some  at  the  SSC  that  this  line  would  be  difficult  to  tune 
due  to  its  solid  core  magnets,  large  beta  waves,  and  small 
number  of  beam  profile  monitors. 
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We  discuss  the  design  principles  for  high  current 
injection  beam  lines  having  a  high  degree  of  beam  quality 
preservation.  These  principles  are  applied  to  designing  a 
high  current  e-beam  injection  line  delivering  10  MeV  e- 
beams  from  the  injector  to  an  accelerator  driving  UV 
FELs,  as  proposed  at  CEBAF. 

I.  INTRODUCTION 

A  200  MeV  recirculating  SRF  e-beam  accelerator  is 
being  designed  at  CEBAF  for  driving  kW-level  industrial 
UV  FELs  [1,  2].  This  accelerator,  like  all  the  FEL  drivers, 
should  provide  e-beams  having  the  smallest  possible 
emittances.  This  demands  minimization  of  the  emittance 
growth  at  all  of  the  stages  of  beam  creation,  acceleration 
and  transport.  One  of  the  most  critical  regions  is  the 
injection  line  which  transports  the  e-beams  from  a  CW 
high  current  10  MeV  injector  [3]  to  the  accelerator. 

It  is  interesting  to  consider  in  general  how  a  high  cur¬ 
rent  injection  beam  line  should  be  designed  to  provide  a 
high  degree  of  beam  quality  preservation,  while  provid¬ 
ing  the  required  matching  conditions  into  the  accelerator. 
For  a  non-circulating  accelerator,  one  can  minimize  the 
emittance  growth  in  the  bending  system  by  minimizing 
the  average  beam  size  [5],  and  match  the  beam  into  the 
accelerator  by  adding  quadrupoles  after  the  last  dipole  of 
the  beam  bending  line.  However,  this  prescription  does 
not  apply  to  a  circulating  accelerator,  since  the  quads 
added  between  the  last  dipole  and  the  accelerator  disturbs 
the  lattice  for  high-pass  accelerated  beams  [6].  Alterna¬ 
tive  prescriptions  must  be  sought  for  the  latter  case. 

II.  GENERAL  DESIGN  PRINCIPLES 

The  first  general  principle  that  an  injection  line  design 
should  follow  is  symmetry.  A  symmetric  bending  system 
preserves  the  beam  emittance  better  than  an  asymmetric 
bending  system,  since  the  symmetry  minimizes  the  aber¬ 
rations.  Also,  a  symmetric  achromatic  system  is  more 
compact,  since  an  asymmetric  system  requires  more  ele¬ 
ments  and  more  length  to  become  achromatic. 

Secondly,  the  beam  should  be  bent  gently.  The  bend¬ 
ing  angle  is  often  limited  by  the  given  footprint  or  space 
to  clear  the  high-pass  accelerated  beams  from  the  injected 
beams.  A  rule-of-thumb  has  been  given  in  [7]  that  the 
magnitude  of  the  deflection  of  the  injected  beam  should 
be  less  than  3”x(WiAVo),  where  Wj  and  Wo  are  the  ener¬ 
gies  of  the  first  orbit  and  the  injected  beams  respectively. 
This  ratio  is  generally  less  than  10,  so  the  maximum  mag¬ 
nitude  of  the  deflection  of  the  injected  beam  should  be 

less  than  30°  for  a  circulating  accelerator. 

Thirdly,  the  length  of  an  injection  line  should  be  mini¬ 
mized.  Therefore,  a  minimum  number  of  magnets  consti¬ 
tuting  an  achromatic  system  should  be  used.  One  can  use 
a  single  a-magnet  [8]  or  two  conventional  dipoles  with  a 
quad  in  between  to  constitute  an  achromatic  bending  sys¬ 


tem.  However,  for  more  flexible  beam  matching  and  axial 
bunching,  at  least  three  dipoles  are  needed. 

Fourth,  the  beam  line  should  retain  a  high  degree  of 
flexibility  in  matching  so  that  neither  injector  beams  nor 
main  accelerator  beams  are  required  to  meet  precise  spec¬ 
ifications  in  order  to  function. 

III.  EMITTANCE  GROWTH 

Beam  emittance  growth  in  bends  has  been  studied  in 
detail  in  [9].  The  responsible  mechanisms  were  attributed 
to  the  anomalous  noninertial  transverse  space-charge 
force  and  the  normal  longitudinal  space-charge  force. 
Useful  formulas  have  been  given  for  estimating  the  emit¬ 
tance  growth  from  these  two  mechanisms. 

In  some  earlier  particle  simulations  of  high  current 
beam  transport  through  an  injection  line  [4],  we  turned 
the  transverse  and  axial  space  charge  forces  on  and  off 
alternatively,  and  identified  the  axial  space  charge  force 
as  the  cause  of  the  emittance  growth.  The  underlying 
mechanism  is  that  the  momentum  of  each  electron  is 
modified  by  the  axial  space  charge  force,  and  the  beam 
ends  up  with  a  residual  dispersion  or  emittance  growth. 

We  now  derive  the  beam  emittance  growth  in  the 
bending  plane  defined  by  the  transfer  matrix 

f?ll  /?j2  /?j3 

R=  ^2,  ^22^23’ 

0  0  8 

where  5  «  1  is  introduced  to  account  for  the  momentum 
variation.  Due  to  c(B)  =  Ro(A)R^,  we  have 

+  2/?ji/tj20i2  (4) 

+  2R,2Ri3023  W  +'^13°33  W  ’ 

Oi2(5)  =  +  («11^22  + ^12^21)  <^12 

+  (.R  11^23  +  ^12^22^22 

+  (R12R23  ^13^22^  *^23  +  ^13^23^33 

022(5)  =^21  <^11  (4)  +25215220,2  W 

+  252352jOjj  (4)  +522022(4)  +2522523023(4) 

+  523033(4)  ,  (2.3) 

013(B)  =  [5iiOi3(4) +5i2023(4) +5i3033(4)]5,  (2.4) 

023(B)  =  [52iOi3(4) +522023(4) +523033(4)18,  (2.5) 
033(B)  =033(4)8^  (2.6) 

Then  the  bending-plane  beam  emittance  at  the  exit  is 
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isochronous.  The  bunching  process  is  shown  in  Fig.  1. 


e^(B)  =  e^(A)  +Ae^(B),  where 

Ae^(fi)=  [o„(A)a33(A)-aj3(A)]aJ 

+  [022  (^)  <^33  (^)  -  (^)  ]  «2 

+  2  [0,1  (A)  O23  (A)  -  0,2  (A)  0,3  (A)  ]  a, 

+  2  [0,2  (A)  0^3  (A)  -  O22  (A)  0,3  (A)  ]  02 
-  2  [0,3  (A)  O23  (A)  -  0,2  (A)  O33  (A)  ]  0,02.  (3) 


where  —  ^11^23  "^13^21  ^2  —  ■^12^23 — ^13‘^22* 

We  assume  that  the  bending  system  is  achromatic  and 
symmetric  between  the  first  half  and  the  second  half,  and 
that  the  deflection  in  the  second  half  is  in  the  same  sense 
as  the  first.  Then  the  transfer  matrices  for  the  first  half, 
second  half  and  the  overall  system  are  [10], 


[-1  2a, 2022  An 
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.  (4) 


where  Ati  =  ai30C22  (1-8)  and  Ati'  =  a,3a2,  (1-8)  are 
the  residual  dispersions  due  to  momentum  variation.  The 
total  emittance  growth  (normalized)  from  one  end  to  the 
other  of  the  bending  system  is 


=  \a/“2iOii(0)  +  “^(0)  I  ( 1)  A  <7p)  /  <yP) 

-(O^p(l)-O^p(0))|,  (5) 

where  is  the  dispersion  at  the  symmetry  plane,  A<7P>  / 
<7|i>  is  the  relative  average  momentum  change,  and 
”  <^y|3(0)  is  the  absolute  change  in  the  normalized 
rms  momentum  spread  from  the  entry  plane  to  the  sym¬ 
metry  plane.  This  rms  momentum  change  due  to  the  axial 
space  charge  force  has  been  given  in  [9],  and  substitution 
of  it  into  Eq.  (5)  yields 

=  (3  (\^fx^  <^x  (0)  >  (6) 

where  Ip  =  Q^cAj,  is  the  peak  current,  the  total  bunch 
length  for  a  uniform  distribution  or  equal  to  for 

a  Gaussian  distribution,  /^  =  17  kA,  S  the  half  length  of 
the  system,/^  =  -l/ct2i  is  the  focal  length  of  the  first  half 
of  the  system,  a^(0)  is  the  initial  rms  beam  size  in  the  x- 
plane,  and  we  assumed  that  the  beam  is  nearly  parallel  at 

the  entry  plane,  i.e.,  02,0,,  (0)  >>0^022 

tion  shows  the  parametric  dependence  of  the  emittance 
growth  upon  various  beam  parameters  as  well  as  the 
injection  line  parameters. 

IV.  MAGNETIC  BUNCHING 


RF  cavity  Magnetic  buncher 


Oy(0) 


r  t 


The  bunch  length  after  a  magnetic  buncher  is 
O55  (1 )  =  <^55  (0)  ( 1  -  R^/f^) '  +  (f?56e,)  V05S  (0) ,  (7) 


where  \  (0)  <^66  (0)  is  the  longitudinal 

emittance,  and  (0)/a5g  (0)  measures  the  tilt 

of  the  longitudinal  phase  space  distribution  of  the  beam  at 
the  entrance  of  the  magnetic  buncher.  The  axial  matching 
condition  is  [11,12]  under  which  the  bunch 

length  is  minimum.  The  intermediate  emittance  growth 
at  the  symmetry  plane  is  related  to  the  beam  momentum 
spread  introduced  for  matching  with  in  the  form 
of  Ae^^=  (Ti//^)a,yp(0)a^(0),  which  can  hardly  be 

removed  completely  at  the  end  of  the  magnetic  buncher. 
Therefore,  a  balance  must  be  struck  between  matching  and 
minimizing  the  beam  momentum  spread  to  ease  the  emit¬ 
tance  cancellation  through  the  achromaticity  of  the  system. 

V.  APPLICATION 

The  original  injection  line  design  for  the  proposed 
CEBAF  UV  FEL  injector/accelerator  is  shown  in  Fig.  2. 


Fig.  2  The  original  180®-bend  injection  line  (/?56  =0). 
Q1  Q2  Q3  Q4 


Fig.  3  A  staircase  injection  line  (/?56  =  -0.282  m). 


Axial  bunching  occurs  if  the  bending  system  is  non- 


A  number  of  alternative  designs  have  been  investigated, 
two  of  which  are  shown  in  Figs.  3  and  4,  to  reduce  the 
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beam  emittance  growth  and  to  decouple  the  high-pass 
accelerated  beams  with  the  injected  beams  from  that  180 
degree  bend.  Fig.  3  is  a  staircase-line  consisting  of  7 
quads  and  4  parallel  dipoles,  and  Fig.  4  is  a  slide-line 
consisting  of  4  quads  and  3  sector  dipoles. 


0  300  600  900  1200  1500  1800 


z  (cm) 


Fig.  5  Beam  envelope  evolution  in  three  injection  lines: 
(a)  180^-bend;  (b)  staircase;  (c)  slide. 

Table  1  shows  the  performance  comparisons  among 
these  three  designs.  The  numbers  in  the  table  are  the 
beam  parameters  at  the  end  of  each  injection  beam  line. 


Table  1  Performance  comparisons  among  three  designs 


Beam  parameters 

ISO^zbend. 

staircase 

slide 

(n  mm  mrad) 

8 

6.8 

4.6 

e(|)nm(’'l'eV-deg) 

27 

19 

15 

40t  (ps) 

11 

10 

4 

The  simulations  started  from  the  cathode  with  a  135 
pCcharge/bunch,  and  continued  to  the  cryounit  exit,  with 
theintermediate  results  saved.  Then  we  restarted  the  sim¬ 
ulation  by  incorporating  each  injection  line  with  the  pre¬ 
ceding  part.  The  restarted  beam  parameters  are: 
transverse  normalized  emittance  Gnmis  -  ^  mrad, 

longitudinal  emittance  =  1 1-6  7C  keV-deg,  and  bunch 
length  4at  =  6.7  ps. 

Fig.  5  shows  the  beam  envelope  evolution  along  these 
lines.  It  is  seen  that  the  beam’s  betatron-oscillation 
becomes  more  and  more  regular,  and  the  number  of  cross¬ 
overs  (very  small  beam  waists)  becomes  smaller  and 

smaller,  from  the  180^-bend-line  to  the  slide-line.  Due  to 
its  simplicity  and  better  performance,  the  slide-design  is 
chosen  as  the  nominal  injection  beam  line  for  the  CEBAF 
FEL  injector. 

As  is  seen  from  Fig.  5  (c),  the  4  quads  before  the  three 
sector  dipoles  in  the  slide-line  constitute  a  telescopic  lens 
which  can  variably  magnify  the  beam’s  P-functions  from 
the  cryounit  exit  to  the  entrance  of  the  first  dipole.  The  3- 
magnet  bending  system  preserves  the  beam’s  parallelness 
in  both  jc-  and  y-plane  [13,  14]  while  transporting  the 
beam  to  the  main  accelerator.  Betatron-function  magnifi¬ 
cation  and  beam  deflection  are  thus  decoupled,  which  will 
greatly  ease  the  operation. 

Finally,  we  note  that  this  3-magnet  bending  system  is 
non-isochronous  with  =  p  (3a-4sina),  where  p  and 

a  are  the  bending  radius  and  angle  of  each  dipole.  The 
achromaticity  condition  is  L/p  =  cota-tan  (a/2) ,  where 
L  is  the  edge-to-edge  distance  between  the  two  adjacent 
dipoles.  The  dispersion  at  the  symmetry  plane  is 
T|^  =  p(2cos(a/2) -1),  and  the  focal  length  is 

=  p/2sin(a/2).  For  small  a’s,  we  have 
which  reduces  Eq.  (5)  to  Eq.  (11)  of  [9]. 
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Feedthrough  of  interference  from  the  AC  power  line  into 
accelerator  components  is  a  problem  which  in  pulsed  acceler¬ 
ators  can  be  reduced  by  operation  synchronous  with  the  AC 
line.  This  means  of  avoiding  line-frequency  effects  is  ineffec¬ 
tive  for  continuous  wave  machines  such  as  the  CEBAF  accel¬ 
erator  We  have  measured  line-frequency  perturbations  at 
CEBAF  both  in  beam  position  and  energy  by  using  the  beam 
position  monitor  system  as  a  multiple-channel  sampling  oscil¬ 
loscope.  Comparing  these  data  against  the  measured  static  op¬ 
tics  (taken  synchronously  with  the  AC  line)  we  have  been  able 
to  identify  point  sources  of  interference,  and  resolve  line-syn¬ 
chronous  variations  in  the  beam  energy  at  a  level  near  0.00 1  %. 

L  INTRODUCTION 

The  design  specifications  for  the  CEBAF  electron  beam 
(4  GeV,  200  microampere,  continuous  wave)  include  a  spot 
size  and  stability  on  target  of  approximately  100  microns  and 
a  geometric  beam  emittance  of  2.e-9  meter  radian  at  1  GeV. 
Time  averages  of  these  parameters  are  important  and  can  be 
significantly  degraded  by  line-frequency  interference.  In  addi¬ 
tion,  there  are  several  septa  in  the  accelerator  which  have 
beam  clearances  of  only  a  few  millimeter;  beam  position  per¬ 
turbations  at  these  locations  could  result  in  beam  loss  and  in¬ 
terruptions  in  beam  delivery,  not  to  mention  potential  damage 
to  system  components  by  800  kW  of  beam  power. 

The  CEBAF  accelerator  is  composed  of  two  parallel  lin¬ 
ear  accelerators,  connected  head-to-tail  by  five  180-degree  re¬ 
circulation  arcs  at  one  end  and  four  such  arcs  at  the  other. 
Beam  from  the  injector  enters  the  North  Linac  (NL),  merging 
with  the  recirculated  beam.  The  beams  of  differing  energy  are 
separated  at  the  first  "spreader"  and  transported  to  the  "recom¬ 
biner"  at  the  entrance  of  the  South  Linac  (SL).  After  accelera¬ 
tion,  the  beams  are  separated  again  at  the  second  spreader 
region,  where  each  beam  is  directed  either  into  a  recirculation 
arc  for  the  next  pass  through  the  system  or  toward  the  end  sta¬ 
tions  for  experimental  use. 

During  early  operation  of  the  CEBAF  injector,  we  ob¬ 
served  beam  motion  in  the  45  MeV  region  on  the  scale  of  sev¬ 
eral  millimeters  [1].  The  injector  has  been  cleaned  up  well  by 
means  including  the  correction  of  grounding  errors  and  the  re¬ 
routing  of  some  power  distribution  lines,  but  in  commission¬ 
ing  the  accelerator  we  are  finding  line-synchronous  energy 
variation  and  millimeter  scale  steering  perturbations  in  the 
main  accelerator. 


♦Work  supported  by  U.S.  D.O.E.  contract  #DE-AC05- 
84ER40150 


IL  DATA  ACQUISITION 

The  beam  position  monitor  (BPM)  system  at  CEBAF  has 
a  global  trigger  for  synchronization  with  pulsed  beam  opera¬ 
tion.  We  have  provided  a  line-synchronous  mode  for  the  mas¬ 
ter  system  trigger,  along  with  a  programmable  delay  with 
respect  to  the  AC  line  zero  crossing.  This  delay  allows  the  use 
of  the  beam  position  monitors  (which  have  a  1  Hz  update  rate 
through  the  control  system)  as  a  multichannel  data  acquisition 
system,  effectively  a  digital  sampling  oscilloscope,  gathering 
synchronized  orbit  data  throughout  the  accelerator  as  a  func¬ 
tion  of  phase  delay  with  respect  to  the  AC  line.  Measurement 
of  the  beam  position  in  dispersive  regions  provides  relative 
beam  energy  information  at  a  resolution  of  approximately 
0.001%[2]. 

The  present  injector  line  synchronous  trigger  uses  a  sim¬ 
ple  zero  crossing  detector,  and  has  a  jitter  window  of  approx¬ 
imately  20  microseconds  with  respect  to  a  line- synchronized 
phase  locked  loop.  The  programmable  delay  (16  bits  with  1 
microsecond  resolution)  spans  the  full  17  millisecond  60  Hz 
cycle.  BPM  data  are  logged  for  each  of  a  series  of  values  for 
the  time  delay  with  respect  to  the  AC  line  trigger.  For  the  mea¬ 
surements  reported  here,  we  used  a  500  microsecond  delay  in¬ 
crement,  cycling  multiple  times  through  the  60  Hz  period. 

The  present  BPM  system  has  an  analog  bandwidth  of  ap¬ 
proximately  50  kHz,  so  the  measurements  described  here  are 
not  limited  by  the  BPM  hardware.  Each  position  reading  up¬ 
date  to  the  control  system  consists  of  the  average  value  from 
twelve  sequential  beam  pulses,  sampled  approximately  65  mi¬ 
croseconds  into  each  macropulse  (typically  100  microseconds 
in  duration).  The  BPM  hardware  monitoring  the  various  recir¬ 
culated  passes  of  the  beam  around  the  machine  is  multiplexed 
to  the  digitizers  so  that  in  each  1-second  interval,  each  of  the 
5  passes  is  sampled  12  times.  The  precision  of  each  averaged 
measurement  at  the  15  microampere  beam  current  used  for 
much  of  the  recent  commissioning  operations  is  typically  0.2 
millimeter.  The  averaging  process  strongly  suppresses  detec¬ 
tion  of  perturbations  at  various  harmonics  of  5  Hz,  but  the  har¬ 
monics  of  60  Hz  are  unaffected. 

III.  DATA  ANALYSIS 

The  time  structure  of  the  position  perturbations  is  well 
represented  by  the  first  three  harmonics  of  the  line  frequency, 
dominated  by  the  fundamental  and  third  harmonic  (see  Figure 
1).  Ground  loop  current  measurements  made  without  the  aver¬ 
aging  limitations  of  the  our  BPM  protocol  are  similarly  dom¬ 
inated  by  the  first  and  third  harmonics  of  60  Hz,  supporting  the 
idea  that  harmonics  of  the  60  Hz  are  most  important.  We  have 
Fourier  analyzed  the  position  data  for  the  sine  and  cosine  com- 
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ponents  of  the  first  three  line  harmonics.  These  Fourier  ampli-  Linac  (where  the  energy  increase  is  only  a  factor  of  two), 
tudes  vary  around  the  accelerator  in  the  same  way  as  the  actual  growing  again  as  the  beam  passes  through  the  second  spread- 
positions  and  angles,  i.e.,  through  propagation  by  the  static  er.  The  amplitude  in  the  arcs  is  a  factor  of  several  higher  than 
transport  properties  of  the  magnetic  lattice.  in  the  linacs,  and  essentially  equal  in  Arcs  1  and  2. 


Figure  1:  Example  data  showing  the  beam  position  de¬ 
pendence  upon  delay  time.  First  and  third  harmonics  are 
prominent.  The  BPM  from  which  these  data  are  taken  is  two- 
thirds  of  the  way  around  the  third  recirculation  arc.  The  "fit" 
curve  uses  the  first  three  harmonics  of  60  Hz. 

We  have  used  the  RESOLVE  [3]  optics  package  to  com¬ 
pare  the  static  transport  properties  against  the  variations  in 
beam  position  as  a  function  of  line  trigger  delay  time.  Along 
portions  of  the  system  with  low  levels  of  AC  interference,  the 
time  dependence  can  be  fit  by  time-dependence  of  the  injec¬ 
tion  conditions.  Distributed  AC  effects  manifest  themselves  in 
a  generally  poor  global  fit  of  the  beam  position  measurements 
using  the  static  optics,  although  small  segments  of  the  ma¬ 
chine  may  fit  reasonably  well.  Significant  point  sources  show 
up  in  the  usual  way  as  deviations  between  regions  which  can 
be  individually  fit  to  the  static  optics. 

A.  Measurements  to  date 

Example  data  for  beam  position  vs.  line  trigger  delay  are 
shown  in  Figure  1,  along  with  the  fit  to  the  first  three  harmon¬ 
ics  of  60  Hz.  We  found  that  the  beam  had  measureable  60  and 
180  Hz  perturbations  in  steering  and  energy  as  it  entered  the 
North  Linac  (see  figure  2),  approximately  0.5  millimeter  full 
span.  We  expected  the  Meissner  effect  of  the  superconducting 
acceleration  cavities  to  shield  the  beam  from  most  environ¬ 
mental  effects  in  the  tunnel,  but  we  were  unsure  about  effects 
in  the  unshielded  regions  outside  the  cryostats. 

As  can  be  seen  from  the  data  in  the  North  Linac  region, 
the  transverse  motion  of  the  beam  damps  with  the  10-fold  ac¬ 
celeration  through  the  linac.  The  span  of  the  line-S5mchronous 
motion  of  the  beam  for  30  meters  downstream  from  the  linac 
and  before  it  enters  the  spreader  is  below  the  0.1  millimeter 
level.  The  amplitude  remains  small  up  to  the  first  spreader  re¬ 
gion  (vertical  bends  and  quadrupoles).  Here,  both  vertical  and 
horizontal  steering  perturbations  become  visible,  propagating 
through  the  first  recirculation  arc  into  the  South  Linac.  The 
amplitude  of  the  oscillation  damps  slightly  through  the  South 


Figure  2:  Fourier  amplitudes  of  beam  motion  throughout 
1st  pass,  combining  the  sine  and  cosine  terms:  (a)  shows  the 
60  Hz  component  for  single-pass  beam  through  the  linacs  and 
the  first  two  arcs;  (b)  shows  the  120  Hz  component;  and  (c) 
shows  the  180  Hz  component.  The  peak  in  horizontal  ampli¬ 
tude  in  (a)  near  the  entrance  of  the  North  Linac  is  in  the  dis¬ 
persive  region  of  the  injection  chicane,  and  is  due  to  energy 
variation  from  the  injector.  The  consistently  larger  amplitude 
of  motion  in  the  arcs  is  largely  due  to  the  bend  dispersion. 


In  measurements  taken  with  multiple-pass  beam  in  the 
system,  we  can  resolve  meaningful  data  only  in  the  regions 
where  the  beams  of  differing  energy  occupy  separate  beam- 
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lines  until  the  multipass  linac  BPM  system  becomes  opera¬ 
tional.  We  find  all  beams  carrying  comparable  steering 
perturbations  in  the  separated  regions,  as  might  be  expected 
from  the  above  discussion.  Comparison  against  static  optics 
data  for  this  configuration  shows  that  the  transport  through  the 
arcs  is  consistent  with  the  static  optics  with  time  variations  in 
both  steering  and  energy,  so  the  first  three  arcs  appear  to  be 
relatively  free  of  line-frequency  sources.  (Data  in  this  set  for 
the  fourth  and  subsequent  arcs  is  incomplete  due  to  partial  in¬ 
terception  of  beam  at  a  septum  upstream  from  the  fourth  arc.) 

The  propagation  of  the  beam  downstream  from  the  verti¬ 
cal  separation  magnets  of  the  spreaders  to  the  point  of  injec¬ 
tion  into  the  arcs  is  also  consistent  with  static  optics,  except 
for  a  localized  perturbation  coincident  with  the  path  length  ad¬ 
justing  ’’dogleg”  chicane  magnets.  These  dogleg  regions  con¬ 
tribute  horizontal  (in  the  plane  of  the  chicane)  momentum 
kicks  of  similar  magnitude  to  each  beam,  corresponding  to  a 
kick  of  approximately  5  microradian  for  the  first  pass  (395 
MeV  in  this  instance)  beam.  This  local  perturbation  was  in¬ 
vestigated,  and  a  malfunction  in  the  dogleg  magnet  supplies 
was  found  to  be  generating  ripple  of  the  proper  magnitude  to 
explain  the  effect.  We  have  not  yet  identified  a  source  for  the 
horizontal  and  vertical  perturbations  observed  at  the  spreader 
magnets. 

In  these  and  other  measurements  made  to  date,  there  is  a 
clear  increase  in  the  180  Hz  component  for  the  higher  passes, 
becoming  more  significant  than  the  60  Hz  component  for  the 
third  and  fourth  passes. 

Table  1:  Sine  and  cosine  components  of  energy  variation 
for  first,  second,  and  third  harmonics  of  60  Hz,  in  parts 
per  million.  The  arc  1  data  represent  the  North  Linac 
ripple  alone,  while  the  Arc  2  data  represent  the  sum  of 
North  Linac  and  South  Linac  ripple.  A  weighted  sum  of 
these  for  comparison  against  the  Arc  3  measurements  is 
shown  in  the  bottom  row  (see  text).  Discrepancies  are 
typically  10  to  20  parts  per  million. 


Harmonic  Amplitudes  of  Energy  Variations 

60  Hz 

120  Hz 

180  Hz 

sin 

cos 

COS 

sin 

COS 

Arcl 

+29 

Arc  2 

+27 

+24 

m 

m 

SB 

Arc  3 

+17 

+16 

+7 

IB 

0^9 

1 

■ 

+27 

+3 

+14 

1 

B,  Energy  perturbations 

The  same  analysis  also  provides  a  measure  of  line-syn¬ 
chronous  energy  variations,  as  the  arcs  include  regions  of  dis¬ 
persion  up  to  approximately  2.5  meter.  The  energy  variation 
for  the  first  three  line  harmonics  is  shown  in  Table  1 .  The  data 
of  the  table  have  precision  of  10  parts  per  million  (estimated 
from  the  observed  scatter  of  50  parts  per  million  in  energy  es¬ 
timates  made  from  the  same  BPMs  in  real  time,  coupled  with 
averaging  over  25  times  as  many  samples  as  are  used  in  the 
on-line  routine,  and  (2)  from  the  residual  errors  of  the  fit  to  the 
data).  The  row  labeled  "Arc  1  +  Arc  2"  contains  a  weighted 
sum  of  the  Arc  1  (North  Linac  ripple)  and  Arc  2  (North  Linac 
plus  South  Linac  ripple).  For  this  run,  the  beam  energies  were 
395  Mev  in  Arc  1, 750  MeV  in  Arc  2,  and  1105  MeV  in  Arc 
3.  The  injector  energy  lock  was  active  for  this  run,  compensat¬ 
ing  for  the  injector  energy  ripple.  Therefore  the  absolute  ener¬ 
gy  ripple  in  Arc  3  should  be  equal  to  the  sum  of  the  energy 
ripple  in  Arc  2  plus  the  contribution  from  the  second  pass 
through  the  North  Linac.  The  discrepancies  between  the  mea¬ 
sured  Arc  3  ripple  and  the  weighted  sums  for  Arcs  1  and  2  are 
typically  in  the  10  to  20  parts  per  million  range,  in  reasonable 
agreement  with  the  error  estimates  we  have  for  the  ripple  de¬ 
terminations. 

IV.  CONCLUSIONS 

We  have  devised  a  method  of  taking  beam  position  data 
throughout  the  CEBAF  accelerator,  using  the  BPM  system  in 
a  sampling  mode,  to  determine  the  line-synchronous  beam  po¬ 
sition  perturbation.  We  have  found  that  comparison  of  these 
data  against  the  measured  static  optics  provides  a  useful 
means  of  identifying  sources  of  line-frequency  interference. 
We  have  identified  microradian-level  point  sources  of  inter¬ 
ference  (magnet  ripple)  and  have  resolved  relative  energy 
variations  of  the  beam  at  the  0.001%  level.  We  anticipate  that 
the  techniques  we  are  using  will  be  useful  for  periodic  mea¬ 
surement  and  long-term  feedback  correction  of  residual  line- 
frequency  variations  at  CEBAF. 
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LOCATION  AND  CORRECTION  OF  60  HZ  IN  THE  CEBAF  INJECTOR* 
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CEBAF  produces  a  continuous  electron  beam  with  an 
emittance  of  2-3  nm-Rad.  Transverse  low  frequency 
magnetic  oscillations  act  to  dilute  this  emittance.  These 
fields  are  typically  associated  with  AC  line  conductors. 
The  CEBAF  injector  is  approximately  40  m  long.  To 
locate  the  source(s)  of  the  beam  motion,  measured  offsets 
were  back  propagated  along  the  beamline  using  the 
DIMAD  model.  Field  measurements  were  then  made  at 
the  calculated  field  source  positions  and  correlated  with 
the  measured  offsets.  Corrections  and  final  beam 
measurements  were  made  to  verify  the  corrections. 

1.  CALCULATION  OF  SOURCE  POSITION 

The  beam  motion  at  different  points  along  the  beam 
line  can  be  related  by  the  equation: 

k  =  (dl/d2)(cos4^2/^os'Fi)/((Pi/P2)/(Yl/Y2))^*^ 

Where  dl  and  d2  are  the  measured  beam  motions  at 
points  1  and  2  along  the  beamline,  p  is  the  calculated 
betatron  function,  y  is  the  measured  relativistic  term  for 
the  beam  and  'F  is  the  calculated  betatron  phase  advance 
at  the  points  of  measurement  along  the  machine. 

K  is  the  variation  in  the  normalized  emittance.  When 
k  is  greater  than  one  it  indicates  that  the  observed 
transverse  motion  is  greater  than  that  to  be  expected  from 
a  motion  being  simply  propagated  by  the  lattice  along  the 
beam  line.  Where  k  equals  one  the  beam  motion  is  simply 
propagating  along  the  beam  line  according  to  the  lattice 
function.  Where  k  is  less  than  one  there  is  the  suggestion 
of  an  unknown  damping  function  or  experimental  error. 

The  magnitude  of  the  observed  motions,  the  energy  and 
the  calculated  P’s  are  tabulated  in  Table  1  for  the  three 
measurement  points,  0.5,  5  and  25  MeV.  The  betatron 
functions  along  the  beamline  were  calculated  using 
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a  DIMAD  model  of  this  particular  machine  configuration. 
This  model  uses  the  experimental  values  to  back- 
propagate  betatron  functions  upstream  of  the  diagnostic 
instrumentation  used. 

The  60  Hz  motion  at  the  A4  aperture  in  front  of  the 
quarter  cryounit  was  measured  by  positioning  the  beam 
partially  on  the  aperture,  desync'ing  the  pulser  from  the  60 
Hz  line  frequency  and  observing  the  oscillations  in 
intercepted  current  on  the  aperture.  This  technique 
assumes  that  the  spot  is  round  and  that,  because  of  the 
emittance  defining  aperture  upstream,  the  current  density 
is  uniform  across  the  spot.  Given  these  assumptions,  this 
technique  is  very  sensitive,  allowing  motions  of  only  .02 
mm  to  be  measured.  The  measurements  at  the  5  and  25 
MeV  points  were  made  by  desync’ing  the  beam  20  Hz  from 
the  line  frequency  and  then  cycling  the  harp.  The  harp’s 
travel  time  across  the  pipe  is  slow  enough,  10-15  sec,  that 
the  20  Hz  beat  frequency  generated  looks  like  a  multiple 
maxima  of  the  beam  intensity  on  the  harp  trace  and  can  be 
quantified  by  comparing  it  to  a  trace  taken  with  the  beam 
line  sync’d. 

The  measured  transverse  beam  motions  along  the 
beamline,  dj/d2,  the  calculated  (cos'F2  /cos'Fj)  /  ((P1/P2) 

/  (Yi/Y2))^^^  parameters  and  their  ratios  are  tabulated  in 
Table  2.  The  last  column  in  Table  2  plots  the  k  from  the 
first  equation  above.  The  values  are  very  close  to  one. 

These  results  suggest  a  source  before  the  A4  aperture 
which  is  being  propagated  down  the  machine  or  a 
distributed  effect  with  the  bulk  of  the  disturbance  before 
the  5  MeV  point.  The  region  of  the  injector  most  sensitive 
to  stray  low  frequency  magnetic  fields  is  the  15  cm  long 
acceleration  region  between  the  cathode  and  anode  in  the 
gun.  The  momentum  goes  from  0  to  0.34  MeV/c  in  this 
distance  and  is  difficult  to  shield  because  the  acceleration 
is  electrostatic  and  the  structures  are  dielectrics.  To 
quantitize  the  problem  low  frequency  field  measurements 
were  made  using  a  milliGauss  meter,  placing  the  probe 
where  the  cathode  normally  sits  while  turning  the  high 
potential  deck  electronics  ON  and  OFF.  The 
measurements  indicated  a  total  field  of  13  mG  in  the 
horizontal  plane  of  which  10  mG  was  accounted  for  by 
several  AC  fans  in  the  CAMAC  crate  on  the  hot  deck. 
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no 
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2 

0 
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0.12 
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1.34 
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0.12 
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50 

0.4 
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no 

55 

0.13 

0.82 

50 
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AE 

dl/d2 

((31/32)/(y1/72))0-5 

0.5  -5.5 

1.01 

3.0 

3.25 

5.5  -  25 

1.08 

1.53 

1.49 

1.11 

0.5  -  25 

1.09 

4.62 

4.86 

1.03 

Table  2 


The  total  vertical  AC  magnetic  field  was  measured  at  3.5 
mG.  The  calculated  beam  motion  for  the  horizontal  field 
at  the  second  emittance  defining  aperture  was  255 
microns.  The  experimental  result  measured  was  360 
microns. 

IL  EXPERIMENTAL  VERIFICATION 

To  verify  the  correlation  between  the  field 

measurements  and  thbeam  motion  measurements  a  test 
was  performed  measuring  the  observed  beam  motion  with 
the  AC  fans  in  the  CAMAC  crate  ON  and  OFF.  The 
vertical  motion  of  the  beam  with  the  fans  ON  was  250  +/- 
20  microns.  With  the  fans  OFF  the  motion  dropped  to  50 
+/-20  microns.  The  correlation  of  the  ratio  of  the  observed 
beam  motions,  50/250  microns,  to  the  ratio  of  the 
transverse  AC  fields,  3.3/13.3  mG,  was  0.81  +/-  0.4.  The 
large  error  term  is  due  to  the  20  micron  resolution  of  the 
position  measurement. 

After  shielding  several  of  the  power  supply 
transformers  on  the  hot  deck  the  measured  fields  were 
further  reduced  to  0.5  mG  in  the  horizontal  plane  and  1.6 
mG  in  the  vertical  plane  at  the  the  cathode.  The 
experiments  at  the  0.3  MeV/c  and  0.8  MeV/c  regions  were 
repeated  to  verify  reduction  of  the  transverse  beam  motion. 
The  data  along  with  the  calculated  beam  properties  are 
given  in  Table  3.  The  data  suggest  another,  smaller  source 
of  transverse  beam  motion  between  the  measurement 
points.  An  extensive  search  for  such  fields  failed.  The 
other  possibilities  were  an  error  in  the  measurements,  an 
unknown  or  incorrect  phase  advance,  magnification  of  the 
beam  motion  by  spherical  aberration  in  some  optical 
element  or  momentum  changes  caused  by  low  frequency 
oscillations  in  the  rf  control  systems  causing  beam 
steering.  Beam  steering  effects  from  small  momentum 
changes  are  seen  regularly  when  using  the  real-time 
bunchlength  diagnostic. 

To  test  this,  a  simple  experiment  was  performed  in 
which  the  signal  from  the  cavity  used  to  measure  the 
arrival  time  of  the  micropulses  was  monitored  with  the 


reset  to  a  pulse  rate  of  58  Hz  but  the  beam  was  shut  off.  A 
measurement  of  the  signal  was  made  for  a  baseline  noise 
figure  and  the  beam  was  restored.  A  second  measurement 
was  made  and  the  arrival  time  monitor  showed  a  1.8 
picosecond  variation  from  macropulse  to  macropulse. 
This  would  correspond  to  an  AC  modulation  in  the 
buncher  amplitude  at  -24  dB.  Corrective  tuning  of  the 
amplitude  loop  was  taken  and  further  tests  are  pending. 

After  all  modifications  were  made  in  the  thermionic 
gun  region,  the  beam  motion  at  the  end  of  the  injector  was 
remeasured  by  measuring  and  Gy  using  a  harp  scanner 
with  a  0.3  mm/second  insertion  velocity.  The  gun  pulser 
was  then  set  to  a  50  Hz  repetition  rate  and  a  second  harp 
scan  made.  The  10  Hz  beat  frequency  coupled  with  the 
slow  harp  speed,  causes  the  measured  sigmas  to  have  a 
hashy  outline  that  grow  larger  as  the  beam  motion 
increases.  The  difference  between  the  RMS  sigmas  with 
the  beam  pulser  line  synchronous  and  at  some  arbitrary 
frequency  is  the  motion  due  to  the  line  synchronous 
transverse  magnetic  fields.  The  data  is  presented  in  table 
4. 

The  synchronous  and  non-synchronous  data  are 
essentially  the  same  indicating  little  or  no  transverse  AC 
beam  motion. 

III.  CONCLUSIONS 

The  transverse  AC  magnetic  field  sources  in  the 
CEBAF  injector  were  traced  using  experimental  beam 
motion  measurements  and  back  propagated  machine 
model  parameters.  The  sources  were  quantified 
experimentally  using  direct  field  measurements  and  beam 
motion  measurements.  The  sources  of  the  fields  were 
corrected  to  be  a  factor  of  20  lower  in  the  horizontal  plane 
and  a  factor  of  2.5  lower  in  the  vertical.  The  correction 
was  verified  using  direct  field  measurements  Beam 
motion  experiments  also  show  a  factor  of  four  reduction  in 
the  0.8  MeV/c  region  and  a  reduction  below  the  50  micron 
resolution  on  the  CEBAF  harp  scanners  in  the  5.5  MeV/c 
region. 


gun  pulser  AC  line  synchronous.  The  pulser  was  then 
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line  sync’d  ax, 

mm 

line  sync’d  ay, 

mm 

non-line  sync’d 
ox,  mm 

non-line  sync’d 
ay,  mm 

Aax,  mm 

2.26 

3.66 

2.25 

3.5 

-0.01 

Table  4 
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Installation  of  the  PEP-II  electron  and  positron 
Injection  beamlines  in  the  SLAC  linac  housing  is  now 
underway.  Utilization  of  the  existing  high  power,  low 
emittance  beams  available  at  SLAC  required  that  a  great 
portion  of  the  systems  for  pulsed  extraction  and  transport 
of  9.0  GeV  electrons  and  3.1  GeV  positrons  for  injection 
into  the  PEP-II  rings  will  reside  in  the  existing  linac 
housing.  Approximately  4.7  kilometers  of  these  beamlines 
will  be  completed  during  the  summer  of  1995.  All 
components,  including  orbit  correctors  and  diagnostic 
instruments,  required  for  extraction  and  transport  of  the 
electron  beam  will  be  in  place  and  ready  for 
commissioning  as  soon  as  this  fall.  The  positron  transport 
line  in  the  housing  will  also  be  complete  except  for  the 
pulsed  extraction  system.  These  systems  are  described, 
along  with  the  status  of  the  construction  and  installation  of 
the  important  subsystems  such  as  magnets  and  power 
supplies,  vacuum  systems,  instrumentation  and  controls. 
The  plan  for  commissioning  is  discussed. 

1.  INTRODUCTION 

The  SLC  linac,  including  its  damping  rings  and 
positron  source,  is  a  powerful  source  of  low  emittance 
positron  and  electron  beams  for  injection  into  the  PEP-II 
rings^.  This  injection  system^  starts  within  the  linac 
housing  and  consists  of  two  beamlines  having  similar 
sections  referred  to  by  their  function.  These  are  the  High 
Energy  (HE)  and  Low  Energy  (LE)  beamlines,  each  with 
Extraction.  Bypass.  Arc,  and  Match  regions.  As  illustrated 
in  Fig.  1,  LE  positrons  (3.1  GeV)  will  be  extracted  from  the 
hnac  at  Sector  4  and  HE  electrons  (9.0  GeV)  at  Sector  10. 
After  extraction,  each  beam  will  traverse  the  length  (>2 
km)  of  a  respective  Bypass  line  connecting  to  its  Arc  and  to 
a  following  Match  section,  optically  matching  the  beam  for 
injection  into  the  proper  ring.  Now  under  construction  (see 
shaded  region  of  figure  1.)  are  the  HE  and  LE  Bypass  lines 
along  with  the  pulsed  electron  HE  Extraction  system  and 
its  related  subsystems.  The  positron  LE  Extraction  system 
at  Sector  4  will  be  constructed  later.  This  work  represents 
about  1/3  of  the  total  injection  system  construction  effort. 
Installation  began  in  March  1995,  and  is  scheduled  to  be 
complete  and  ready  for  commissioning  by  mid-  July  1995. 

Work  supported  by  Department  of  Energy  contracts 
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All  subsystem  hardware  is  of  new  construction  including:  a 
stainless  steel,  ion  pumped  vacuum  system,  a  slow  pulsed 
extraction  kicker,  bending,  focusing  and  orbit  correcting 
magnets;  power  supplies;  beam  position  monitors  (BPM) 
(of  a  modified  SLC  type  for  higher  sensitivity,  using 
existing  the  SLC  control  system)  two  SLC  type  wire 
scanners  to  measure  energy  spread  and  emittance  of  the 
extracted  beam,  and  additional  diagnostics.  A  program  is 
planned  to  extract  and  study  a  9  GeV  electron  beam  under 
stringent  control  of  energy,  energy  spread,  emittance  and 
timing. 

The  entire  system  (including  the  remaining  2/3)  will  be 
capable  of  filling  1658  bunches  of  9  GeV  electrons  (0.99A 
stored)  and  3.1  GeV  positrons  (2.14A  stored)  in  two 
separate  rings  in  a  total  of  about  6  minutes  from  zero  ring 
current  (i.e.,  full-fill  mode,  0  to  100%)  or  in  about  3 
minutes  from  80%  ring  current  (i.e.,  topping-off  mode,  80 
to  100%).  The  overall  goals  of  the  PEP-II  Injection  System 
are  summarized  in  Table  1. 

TABLE  1:  Selected  PEP-II  Injection  Parameters. 


Beam  energy 

High-energy  ring  (HER) 
Low-energy  ring  (LER) 
Beam  Current 

High-energy  ring  (HER) 
Low-energy  ring  (LER) 
Particles  per  bunch 

High-energy  ring  (HER) 
Low-energy  ring  (LER) 
Linac  repetition  rate 

Linac  current  range  while  filling 
Invariant  linac  emittance 


Norm^  filling  time 

Topping-off  (80-100%) 
Full  fill  (0-100%) 


9  [range:8-10]  [GeV] 

3.1  [range:2.8-4]  [GeV] 

0.99/4518  [A/lOl  V] 
2.14/9799  [A/IO^V] 

2.7  [10l0e“] 

5.9  [lOl  V] 

60/120  [Hz] 

0.1-3  [10^^  e±/pulse] 

4x10'^  [m  -  rad] 
0.5x10"^  [m  rad] 

3  [min.] 

6  [min.] _ 


II.  HE  EXTRACTION  &  TWO  BYPASSES 

The  electron  beam  Extraction  system  begins  with  an 
on-axis  pulsed  magnet  which  kicks  the  beam  into  the 
aperture  of  a  Lambertson  septum  magnet.  The  focusing 
optics  in  this  region  is  simply  an  extension  of  the  90®  per 
cell  linac  lattice.  Several  dipole  magnets  complete  the 
extraction  bending  bringing  the  beam  back  to  be  parallel  to 
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Positron  return  line  (PRL) 


HER 


Figure  1.  Schematic  of  the  SLAC  Linac  showing  the  PEP-II  Injection  Transport  System  and  the  Rings. 


the  linac.  Four  independently  powered  quadrupoles  are 
then  used  to  match  the  beam  parameters  to  the  Bypass 
lattice,  also  a  90**  per  cell  lattice  but  with  the  quadrupoles 
101.6  m  apart  occuring  only  once  per  linac  sector. 

MAGNETS 

Savings  of  engineering  and  design  costs  for  the  dipole 
and  quadrupole  magnets  were  obtained  by  modifying 
existing  SLAC  designs.  This  technique  improved  reliability 
by  using  field  tested  components  and  also  allowed  the  use 
of  a  large  number  of  existing  quadrupole  laminations  at  no 
cost  to  the  PEP-II  project. 

There  are  two  similar  types  of  quadrupoles  now 
constructed;  a  4"  long  air  cooled  Bypass  line  quadrupole, 
and  a  10”  long  water  cooled  Extraction  line  quadrupole. 
The  quadrupole  quarter  sections  were  made  from  fine 
blanked  laminations  welded  into  magnet  quarter  sections. 
Four  sections  were  assembled  into  a  quadrupole  core.  The 
cores  were  blanchard  ground  to  length  and  fiducials,  bolt 
holes,  etc.  were  machined.  While  assembled  as  a  core,  all 
four  pole  tip  profiles  were  machined  using  a  wire  Electric 
Discharge  Machine.  This  method  resulted  in  magnet 
length  errors  being  held  to  ±.002"  and  errors  in  magnet 
pole  profiles  to  ±.001"  at  no  extra  cost.  Improvements  to 
the  design  included  improved  coil  terminations,  larger  coil 
pockets  with  greater  coil  to  core  axial  clearance, 
elimination  of  internal  conductor  brazes  and  the  exclusive 
use  of  G-10  for  insulator  blocks. 

Similarly,  the  dipole  magnets  are  based  on  earlier 
designs.  The  Lambertson  septum  magnet  is  a  larger  version 
of  the  SLC  positron  source  extraction  Lambertson.  The 
dipole  bend  magnets  are  standard  H-bend  type  constructed 
either  from  single  pieces  of  iron  or  from  slabs  bolted 
together.  The  small  corrector  magnets  are  a  low  cost 
(«$300)  sheet  metal  design 

MAGNETIC  MEASUREMENTS 

After  a  standardization  procedure,  the  integrated 
gradient  and  harmonics  of  each  quadrupole  were  measured 
at  12  different  excitation  currents  using  a  long  rotating  coil 


of  1.89  cm  radius.  The  variance  of  the  integrated  strengths 
at  the  typical  operating  current  of  all  the  Bypass 
quadrupoles  is  within  0.25%.  The  sextupole  component  at  a 
radius  of  1  cm  is  less  than  0.1  %  of  the  quadrupole  strength 
and  the  sum  of  all  the  higher  multipoles  is  less  than  0.5%. 
The  dipole  magnets  are  now  being  measured. 

POWER  SUPPLIES 

The  High  Energy  Extraction  Stub  and  transport  lines 
utilize  one  pulsed  power  system^,  and  20  DC  power 
systems.  The  pulsed  power  system  consists  of  a  solid  state 
pulse  generator  capable  of  delivering  high  current 
trapezoidal  shaped  pulses  into  an  inductive  load.  The 
capacitor  bank  is  switched  into  the  load  through  a  pair  of 
IGBT  devices.  A  combination  of  diodes  with  these  IGBT 
modules  is  used  to  shape  the  current  pulses  and  recover  the 
inductive  energy  back  into  the  capacitor  bank  without 
reversing  capacitor  voltage.  A  DC  power  supply  to  the 
capacitor  bank  compensates  for  pulse  to  pulse  power 
losses.  The  rack  mounted  pulse  generator  unit  contains  a 
storage  capacitor  bank  of  up  to  660  uF,  and  can  deliver  600 
amps  at  1000  volts  into  inductive  loads  of  up  to  3  mH.  The 
current  amplitude  and  discharge  time  are  controlled  to 
0.02%  accuracy  by  a  specially  developed  precision 
controller  via  the  SLAC  central  computer  system. 

The  dipole  magnets  are  powered  by  a  48  kW  supply 
and  a  20  kW  unit.  Both  of  these  supplies  employ  SCR 
primary  regulators,  and  an  external  feedback  amplifier  for 
current  regulation.  The  external  amplifier  sums  the 
CAMAC  generated  reference  and  the  magnet  current 
feedback  signal,  which  is  provided  by  a  precision  DC 
transductor  (0.001%),  to  stabilize  the  power  supply  current 
to  0.01%. 

One  dipole  and  1 1  quadrupole  magnets  are  powered  by 
5kW  commercial  switching  power  supplies  controlled  by 
the  same  type  of  external  feedback  amplifier  described 
above.  Similarly  regulated  are  the  four  switching  power 
supplies,  two  for  the  focusing  strings  (8,12  quads  each)  and 
two  for  the  defocusing  string  (8,11  quads  each)  for  the  HE 
Bypass  line(5  kW)  and  the  LE  Bypass  line  (15  kW). 
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VACUUM 

The  Vacuum  System  is  an  all  metal,  unbaked,  ion 
pumped  system,  comprised  mostly  of  long  drift  tubes  (18  to 
46  m  long)  of  50.8  mm  diameter  304  welded  stainless  steel 
tubing.  The  required  average  pressure  for  H2  is  7x10“^ 
Torr.  At  101.6  meters  intervals  a  tee  chamber  connects  the 
two  Bypass  lines  and  both  are  pumped  by  a  55  liter  per 
second  ion  pump.  Six  meter  lengths  of  tubing  are  butt 
welded  together,  by  an  orbital  welder,  in  the  accelerator 
tunnel.  The  remainder  of  chambers  consist  of  bellows,  tees, 
crosses,  magnet  vacuum  chambers,  vacuum  isolation 
valves  and  assorted  diagnostic  components  connected  by 
Conflat®  flanges. 

ORBIT  CORRECTION 

Approximately  150  individual  X-Y  corrector  magnets 
will  be  installed  on  the  HE  and  LE  Extraction  and  Bypass 
lines.  The  corrector  strengths  are  10  G-m  and  20  G-m  for 
the  LE  and  HE  Bypass  respectively.  Each  corrector  will 
require  a  bi-polar  current  of  up  to  6  A,  with  a  24  hour 
stability^  of  better  than  0. 1  %. 

The  low  corrector  strengths  require  that  the  average 
renmant  field  inside  the  50.8  mm  beam  pipe  be  reduced  to 
<50  mG  so  the  correctors  compensate  for  alignment  errors 
only.  The  earth’s  field  is  attenuated  by  |X-metal  shielding 
over  96%  of  the  length  of  beam  pipe.  The  material  used  is 
150  |im  thick,  rolled  into  tubes  40  cm  long,  before 
annealing  at  high  temperature.  Studies  showed  that  a  field 
attenuation  of  better  than  50:1  was  easily  achievable  and 
that  normal  handling  during  installation  does  not  affect  the 
shielding  properties. 

INSTRUMENTATION  &  COMMISSIONING 

An  X-Y  Beam  Position  Monitor  (BPM)  followed  by 
an  X  corrector  and  Y  corrector  is  placed  downstream  of 
each  quadrupole.  Each  BPM  plate  is  61  cm  long  and 
covers  20%  of  the  circumference  at  an  inner  radius  of  29 
mm.  The  BPM  signals  are  time  multiplexed  into  existing 
Linac  BPM  ADCs  through  11  dB  loss  directional  couplers. 
The  expected  single  pass  position  resolution  (rms)  in  x  or  y 
is  ±  50  microns  for  >2  x  10^  electrons  in  the  bunch, 
increasing  to  ±  200  microns  for  .5  x  10^.  The  BPM  centers 
will  be  surveyed  into  better  than  ±  1  mm  (rms)  in  the 
transverse  dimensions.  A  very  cost  effective  method 
(<$900  ea)  of  construction  resulted  in  a  ±  .28  mm  rms 
distribution  of  electrical  centers  for  the  100  BPMs  now 
built  and  tested.  The  extracted  beams  as  they  enter  the 
extraction  lines  will  be  stabilized  in  energy,  x,  x’,  y,  and  y’ 
by  a  feedback  system  (~1  sec  time  constant)  using  eight 
Linac  BPMs  and  the  first  four  injection  line  BPMs.  The 
BPM  system  allows  measurement  of  a  single  bunch  as  it 
travels  down  the  injection  line  and  around  the  ring. 


A  wire  scanner  in  the  dispersive  region  of  the 
Extraction  line  will  measure  the  beam  energy  spread  and  a 
second  wire  scanner  placed  in  the  Bypass  line  will  measure 
the  beam  emittance  by  varying  an  upstream  quadrupole.  An 
insertable  fluorescent  screen  profile  monitor  accompanies 
each  wire  scanner.  In  the  dispersive  region  of  the  extraction 
there  is  a  horizontal  set  of  jaws  for  limiting  the  momentum 
acceptance  of  the  line.  The  electron  Bypass  line  terminates 
in  a  temporary  10  kW  dump  in  Sector  28  for  a  1995-96 
beam  test.  Toroids  will  be  placed  at  the  beginning  of  the 
Extraction  line,  the  beginning  of  the  Bypass  line,  and  just 
upstream  of  the  dump.  The  LSB  will  be  4x10^  charges. 
Full  scale  will  be  4x10^®  charges  and  the  noise  should  be  < 
ILSB. 

Commissioning  begins  with  the  Personnel  Protection 
and  certification  of  the  Beam  Containment  System.  Ion 
chamber  thresholds  will  be  set  to  limit  the  repetition  rate  of 
a  mis-steered  beam  for  Machine  Protection.  The  beam  will 
be  iteratively  steered  through  BPM  centers  using  model 
generated  algorithms.  The  energy  feedback  loop  will  be 
energized,  tuned  and  its  stability  measured.  Phase  advance 
of  betatron  oscillations  will  be  measured  and  corrected. 
The  wire  scanners  will  be  used  to  measure  the  energy 
distribution,  beta  match  and  the  emittance  of  the  beam. 

SCHEDULE 

The  PEP-II  Injector  schedule  is  affected  not  only  by 
the  overall  PEP-II  commissioning  schedule  but  also  the 
SLC  running  schedule.  Targeted  for  PEP-II  is  the 
commissioning  of  the  High  Energy  Ring  on  1/1/97  and  the 
Low  Energy  Ring  on  10/1/97.  The  Low  Energy 
Extraction(sans  chicane)  and  both  Arcs  will  be  installed 
during  the  1996  downtime.  The  High  Energy  Match  (which 
can  be  installed  with  the  accelerator  running)  to  HER  will 
be  done  from  10/1/96  until  1/1/97  followed  by 
commissioning  of  HER.  During  the  1997  downtime  the 
Low  Energy  Extraction  Chicane  and  the  Match  to  the  LER 
will  be  installed. 
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Abstract 

The  injection  system  for  the  BESSY-II  storage  ring  consists  of  a 
50  MeV  microtron  and  a  synchrotron  booster  which  ramps  the 
electron  beam  to  the  final  operation  energy  of  max.  1 .9  GeV.  The 
requirements  to  be  met  by  the  transfer  lines  from  the  microtron 
to  the  booster  and  from  the  booster  to  the  storage  ring  are  dis¬ 
cussed  and  the  respective  magnetic  structures  are  presented.  A 
’’genetic”  fitting  algorithm  to  optimize  the  quadrupole  settings  in 
the  transfer  lines  is  briefly  discussed. 

L  Introduction 

The  electron  beam  from  a  100  keV  diode  gun  is  preacceler¬ 
ated  up  to  50  MeV  by  a  conventional  racetrack  microtron  and 
is  injected  on-axis  into  the  booster  synchrotron  using  a  ’’fast” 
kicker  in  combination  with  a  horizontal  septum  magnet  (393 
mrad).  At  full  energy  (Etnax=^^^  GeV)  three  bumper  magnets 
push  the  closed  orbit  close  to  the  extraction  septum  (196  mrad) 
and  a  ’’fast”  kicker  (1.8  mrad)  extract  the  beam.  Injection  into 
the  storage  ring  is  done  using  two  septa  with  a  total  deflecting 
angle  of  133  mrad.  The  storage  ring  comprises  alternating  low- 
beta  (Px,z  tit)  high-beta  (fix  ^^17  m)  straight  sections. 
Four  kicker  magnets  in  a  high-beta  straight  section  produce  the 
required  horizontal  closed  orbit  shift  of  17  mm  towards  the  septa 
[1].  To  ensure  good  transmission  and  high  injection  efficiency, 
several  design  constraints  have  to  be  fulfilled  by  both  transport 
lines.  Apart  from  geometrical  aspects  and  beam  optics  require¬ 
ments,  limitations  in  the  possible  strength  and  length  of  the  op¬ 
tical  elements  must  be  taken  into  account. 

II.  Injection  Line  (Microtron  ^  Booster) 

The  injection  line  geometry  has  to  fit  within  the  given  radiation 
protection  walls  and  must  leave  sufficient  space  for  access  as 
well  as  for  the  diagnostic  equipment  and  the  high  voltage  gun 
environment.  A  top  view  of  the  proposed  magnetic  structure 
which  meets  these  demands,  is  shown  in  figure  1. 

There  is  an  achromatic  structure  just  after  the  microtron.  Keep¬ 
ing  the  dispersion  low  allows  to  decouple  lattice  functions  and 
dispersion  in  the  following  triplet  telescope.  The  matching  sec¬ 
tion  consists  of  8  independent  quadrupoles  to  fit  6  optical  param¬ 
eters.  The  large  number  of  quadrupoles  guarantee  a  high  degree 
of  flexibility  in  matching  a  wide  range  of  possible  starting  val¬ 
ues  from  the  microtron.  The  linear  lattice  functions  are  plotted 
in  figure  2.  The  maximum  beta  functions  in  both  planes  are  less 
than  20  m  which  corresponds  to  a  envelope  of  Icr  <  3.7mm, 
keeping  the  magnet  apertures  small.  The  main  parameters  are 
listed  in  table  I. 

*Funded  by  the  Bundesministerium  fur  Bildung,  Wissenschaft,  Forschimg  und 
Technologic  and  by  the  Land  Berlin. 


III.  Transfer  Line  (Booster  Storage  Ring) 

In  addition  to  the  optical  matching  conditions  the  following 
requirements  for  the  full  energy  transport  line  have  to  be  met. 

•  The  deflecting  angles  of  the  booster  extraction  system  and 
the  storage  ring  injection  system  are  fixed, 

•  The  transfer  line  must  be  partly  parallel  to  an  underground 
tunnel  which  may  be  used  to  provide  a  test  beam  for  detector 
studies  (’Zeuthen-Tunnel’). 
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Figure.  2.  Optical  functions  of  the  injection  line. 


Max.  energy 

Total  length 

No.  quads/families 
No.  sector  dipoles 
Max.  quad  strength 
Vacuum  chamber  0 
Max.  beam  size 

50  MeV 

14.54  m 

16/14  (aperture:  0=25  mm) 

4  (2  X  22.5°,  2  X  55°) 
g  <  10  T/m 

25  mm 
(Tx  ~  3.7  mm 

Optical  functions 

Microtron 

exit 

Injection  into 
Booster 

2.3  m 

3.84  m 

ax 

0 

1.44 

5.4  m 

5.72  m 

0 

-1.7 

Dx 

0 

0.94  m 

D'x 

0 

-0.26 

Ex,z  @50MeV 

5  •  10“^radm 

2  •  10“  'radm 

AE/E  @50MeV 

±2  •  10-3 

±2  •  10-3 

Table  I 

Main  parameters  of  the  injection  line. 


•  Sufficient  space  for  optional  quadrupoles  and  an  additional 
vertical  dipole  magnet  to  bend  the  electron  beam  into  the 
’Zeuthen-lhnnel’  must  be  provided. 

Figure  3  shows  the  geometrical  layout  of  the  proposed  transfer 
line.  The  beam  line  consists  of  three  quadrupole  triplets  sepa¬ 
rated  by  two  identical  rectangular  dipoles  with  a  deflecting  angle 
of  384  mrad  each.  A  quadrupole  doublet  in  front  of  and  one  sin¬ 
glet  behind  the  radiation  protection  wall  in  combination  with  a 
vertical  dipole  are  assigned  to  the  test  beam  optics. 

Figure  4  depicts  the  optical  functions  of  the  transfer  line.  The 
first  quadrupole  triplet  keeps  the  beta  functions  below  40  m  ac¬ 
cording  to  a  maximum  beam  size  of  <7;^  <  3.5  mm.  The  last  two 
triplet  structures  form  the  matching  section.  Matching  a  wide 
range  of  Twiss  parameter  values  is  possible  for  different  starting 


parameters  from  the  booster  synchrotron  and  momentum  devia¬ 
tion  of  the  order  of  1%.  The  main  parameters  of  the  transfer  line 
are  summarized  in  table  II. 

rV.  Optimizations  with  ’’Genetic”  Algorithms 

Designing  a  transfer  line  is  a  typical  optimization  problem. 
Once  the  gross  features  are  clear,  the  fine  tuning  is  usually  done 
using  a  fitting  algorithm,  which  minimizes  a  target  function  (e.g. 
the  difference  between  the  desired  optical  functions  and  those 
actually  found).  If  this  function  depends  on  many  parameters 
(e.g.  strengths  of  quads),  the  fitting  algorithm  may  not  converge 
or  may  get  caught  in  a  local  minimum  far  away  from  the  best 
solution. 

’’Genetic”  algorithms  are  as  simple  as  efficient  [2].  They  are 
able  to  escape  local  minima  and  find  the  best  solution  to  very 
complex  problems.  Genetic  algorithms  are  essentially  a  special¬ 
ization  of  Monte  Carlo  optimization  techniques.  Instead  of  one 
random  walker  in  the  parameter  space,  there  is  a  whole  popula¬ 
tion  of  them.  Each  individual  i  represents  a  set  of  n  parameters 
which  determine  the  target  function  f{p\, ...»  p^)  to  be  mini¬ 
mized. 

After  each  step,  a  certain  number  fittest  individuals  (those 
yielding  the  lowest  /)  is  selected.  JhQ  less  fortunate  individuals 
are  rejected  and  displaced  by  new  parameters  sets  (descendants) 
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Max.  energy 

1.9  GeV 

Total  length 

23.48  m 

No.  quads/families 

9/9  (aperture:  0=30  mm) 

No.  dipoles 

3  (2  X  22°, 

1  X  7.66°) 

Max.  quad  strength 

g  <  30  T/m 

Vacuum  chamber  0 

30  mm 

Max.  beam  size 

Ox  —  3.5  mm 

Optical  functions 

Booster 

Storage  Ring 

Extraction 

Injection 

p. 

7.72  m 

17.03  m 

ax 

2.26 

-0.04 

Pz 

2.99  m 

4.16  m 

az 

-1.02 

-0.32 

Dx 

1.23  m 

0 

D' 

-0.26 

0 

Sx  @1.9GeV 

1 

> 

1 

O 

6.5  •  lO-^'radm 

A£/£  @1.9GeV 

±6.1  •  10-“^ 

H- 

bo 

o 

1 

Table  11 

Main  parameters  of  the  full  energy  transfer  line. 


If  the  problem  has  more  than  one  solution,  the  algorithm  may 
end  up  with  quite  different  individuals.  As  an  example,  different 
solutions  for  the  injection  line  are  shown  in  figure  5.  Apart  from 
the  fact  that  the  human-aided  design  (figure  2)  is  aesthetically 
more  appealing,  the  random  strategy  was  able  to  find  satisfactory 
solutions  and  may  be  applicable  to  other  problems  in  accelerator 
physics. 


Figure.  5.  Injection  line  optics  generated  by  ’’Genetic”  algo¬ 
rithms. 
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which  are  a  random  step  away  from  the  selected  ones  (parents). 
The  function  is  evaluat^  wi A  the  new  parameters  and  the  pro¬ 
cess  repeats  itself. 

Genetic  algorithms  may  vary  in  the  way,  a  random  step  (a 
mutation)  is  done.  Generally,  random  steps  should  lead  in  any 
direction  and  should  be  small  to  allow  for  fine  tuning,  but  some¬ 
times  large  to  find  a  complete  new  solution. 

This  strategy  has  been  applied  to  both  the  injection  line  and 
the  transfer  line.  Given  their  geometrical  position,  the  strengths 
of  all  quadrupoles  was  fitted  without  starting  anywhere  near  the 
solution  (in  the  case  of  the  injection  line,  the  quads  in  the  achro- 
mat  region  were  kept  fixed,  but  the  task  of  varying  more  than  ten 
parameters  to  fit  six  optical  functions  is  nevertheless  formidable). 
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A  10  MeV  travelling  wave  linac  will  be  used  as  injector 
for  the  10  -  75  MeV  racetrack  microtron  Eindhoven.  The 
six  dimensional  emittance  of  the  linac  will  be  matched  to  the 
acceptance  of  the  microtron.  In  longitudinal  phase  space  the 
negative  dispersive  action  of  the  first  bend  in  the  racetrack 
microtron  is  counteracted  by  the  dispersive  action  of  the  doubly 
achromatic  bending  section  in  the  transport  line.  The  data  for  the 
longitudinal  emittance  are  obtained  from  numerical  simulations. 
The  energy  spread  of  the  initial  beam  is  larger  than  the  energy 
acceptance  of  the  racetrack  microtron.  It  will  be  reduced  with  a 
slit  system  in  a  dispersive  section  of  the  transport  line. 

L  Introduction 

The  400  MeV  electron  storage  ring  EUTERPE  [1]  is  a 
university  project  set  up  for  studies  of  charged  particle  beam 
dynamics  and  application  of  synchrotron  radiation.  The 
injection  chain  of  EUTERPE  consists  of  a  completely  revised 
’old’  medical  10  MeV  travelling  wave  linac  followed  by  the 
10-75  MeV  RaceTrack  Microtron  Eindhoven  (RTME)  [2]  (see 
Fig.  1). 

Section  II  gives  a  description  of  the  linac  and  some  measured 
and  calculated  data  on  the  longitudinal  behaviour  of  the  linac. 
Section  III  describes  the  calculated  acceptance  of  the  racetrack 
microtron  in  the  three  phase  spaces.  In  section  IV  the 
combination  of  the  transport  line  and  the  first  bend  in  the 
microtron  which  matches  the  linac  beam  to  the  acceptance  of  the 
microtron  at  the  cavity  is  described.  Section  V  presents  some 
concluding  remarks.  The  transverse  phase  space  {z^  z^)  refers 
to  the  bending  plane  of  the  transport  line,  the  (a:,  ar')  plane  to 
the  motion  perpendicular  to  this  bending  plane.  TTie  bending  in 
the  microtron  takes  place  in  the  (x,  x^)  plane.  The  longitudinal 
phase  space  is  referred  to  as  AtV).  Since  the  coupling 
between  the  longitudinal  and  transverse  phase  spaces  is  only 
marginal  in  the  transfer  line,  it  is  neglected. 

IL  The  linear  accelerator 

The  10  MeV  travelling  wave  linear  accelerator  is  an  ’old’ 
medical  linac  (type  M.E.L.  SL75/10).  At  the  Catherina  hospital 
in  Eindhoven  it  has  been  used  for  radiation  therapy.  The  linac 
has  been  completely  revised  and  is  now  suited  for  electron  beam 
manipulation.  Table  1  list  some  measured  parameters  of  the 
linac. 

The  linac  is  controlled  via  PhyDAS  (Physics  Data  Acquisition 
System),  built  around  an  MS68030  microprocessor  and  guarded 
by  a  programmable  logic  controller  (PLC).  The  same  PhyDAS 
system  is  also  used  as  data-acquisition  system  for  some 
experiments.  The  status  of  the  accelerator,  as  monitored  by  the 


MEDIAN  PLANE  VIEW 


yoke 


Figure.  1 .  RTME  with  schematic  lay-out  of  the  injection  line. 


PLC,  is  displayed  on  the  screen  of  a  personal  computer  via  the 
visualisation  program  Intouch. 

The  high  power  RF  for  the  acceleration  of  the  electrons 
is  delivered  by  a  2.2  MW  magnetron  (EEV  M5125).  The 
accelerating  structure  of  the  microtron  will  be  powered  by 
the  same  type  of  magnetron.  Synchronous  operation  of  the 
two  accelerators  will  be  assured  by  injection  locking  of  the 
magnetrons. 

Fig.  2  depicts  the  measured  and  calculated  energy  spectrum 
of  the  linac.  The  spectrum  is  measured  with  a  7r/6-rad 
bending  magnet.  For  the  simulations  the  particle  dynamics  code 
Parmela  has  been  used.  The  power  and  corresponding  electric 
fields  along  the  linac,  used  for  this  simulation,  are  calculated 
starting  from  the  power  diffusion  equation  with  the  numerical 
problem  solver  Matlab,  where  the  geometry  and  Superfish 
results  (shunt  impedance,  quality  factor  and  Fourier  coefficients 
for  the  electric  fields)  have  been  used  as  input.  The  calculated 
longitudinal  phase  space  also  is  depicted  in  Fig.  2. 
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Table  I 

Parameters  of  the  linac. 


length  (m) 

2.25 

electron  energy  (MeV) 

10 

FWHM  energy  spread  (%) 

3.5 

macro  pulse  current  (mA) 

40 

operating  frequency  (MHz) 

2998.1 

pulse  repetition  rate  (Hz) 

50, 150, 300 

pulse  duration  (ps) 

2.2 

filling  time  (ps) 

0.4 

energy  (MeV)  (degrees) 


HORIZONTAL/VERTICAL 


phase 


Figure.  3.  Acceptance  of  RTME  in  the  three  phase  spaces. 


Figure.  2.  The  energy  spectrum  (left)  and  the  longitudinal  phase 
space  (right)  of  the  linac. 


III.  Acceptance  of  the  microtron 

The  acceptances  of  the  racetrack  microtron  have  been 
obtained  by  numerical  particle  tracking.  For  this  tracking 
procedure  the  measured  field  profiles  of  the  two  bending 
magnets  has  been  used.  The  transverse  focusing  action  of 
the  cavity  has  been  taken  into  account  by  using  the  transverse 
matrix  for  a  standing  wave  accelerating  structure  as  given  by 
Rosenzweig  [4]. 

The  acceptances  in  the  three  phase  planes  are  depicted  in 
Fig.  3.  The  acceptances  are  calculated  just  before  the  first  cavity 
passage,  at  the  injection  energy  of  approximately  9.96  MeV, 
where  the  cavity  is  assumed  to  be  infinitely  thin.  The  horizontal 
and  vertical  acceptances  are  35  mm-mrad  and  55  mm-mrad 
respectively.  The  longitudinal  acceptance  is  2.1  degree-MeV  at  a 
cavity  accelerating  potential  V  of  5.06  MeV  and  a  synchronous 
phase  (f>s  of  9  degrees.  The  value  for  the  longitudinal  acceptance 
remains  almost  unchanged  for  8  <  <  13  degrees  and 

-1%<  AV/V<4%[2]. 

Comparison  between  Fig.  2  and  Fig.  3  shows  that  the 
microtron  can  not  accept  the  complete  beam  from  the  linac  in 
the  longitudinal  phase  space. 

IV.  The  transport  from  linac  to  cavity 

For  injection  into  the  microtron  the  linac  axis  is  placed 
approximately  40  cm  above  the  median  plane  of  the  microtron. 
The  electron  beam  is  guided  over  one  of  the  dipoles  and  then 


Figure.  4.  Detailed  lay-out  of  the  injection  line. 


brought  down  to  the  median  plane  of  the  microtron  with  a  two 
step  doubly  achromatic  bending  system  (Figs.  1  and  4). 

Four  identical  homogeneous  sector  bending  magnets  will  be 
used.  Doubly  achromatic  behaviour  takes  place  for  [3] 


P 

sin<^’ 


(1) 


where  2^2  is  the  distance  between  the  principle  planes  of  the 
second  and  third  bending  magnet,  p  is  the  radius  of  curvature 
and  (l>  the  bending  angle.  The  condition  is  independent  of  the 
distance  Li  between  the  principle  planes  of  the  first  (third)  and 
second  (fourth)  dipole.  For  Li  =  2L2  this  system  provides 
parallel  to  parallel  transport  in  the  bending  plane. 
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In  longitudinal  phase  space  {AW,  Acj))  the  transfer  matrix  for 
the  first  bend  in  the  microtron  is  given  by 


(2.58  mm/%  or  9  degrees/%).  Without  counter  measures 
the  beam  would  be  completely  deformed  and  spread  out  in 
phase,  thereby  diminishing  the  number  of  electrons  available 
for  injection  into  the  racetrack  microtron.  However  the  doubly 
achromatic  bending  section  consisting  of  four  dipoles  has 
negative  dispersive  action.  For  dipoles  with  a  bending  radius 
p  =  9.8cm  at  an  angle  <j)  =  0.873  rad  the  transfer  matrix  of  the 
beam  transport  in  longitudinal  phase  space  is  given  by 

(;-r). 

resulting  in  a  total  longitudinal  transfer  matrix  for  the  transport 
between  linac  and  cavity  of 


The  positive  dispersive  action  of  the  first  bend  in  the  microtron 
is  thereby  almost  completely  counteracted  by  the  negative 
dispersive  action  of  the  bending  section.  And  the  match  between 
acceptance  and  emittance  is  maximised. 

Fig.  4  shows  the  beam  transport  line  in  some  detail.  The 
quadrupole  in  the  middle  of  the  drift  between  the  second 
and  third  bending  magnet  offers  some  extra  focusing  in  the 
ic-direction.  At  this  position  it  does  not  influence  the  doubly 
achromatic  behaviour  of  the  system. 

A  triplet  matches  the  beam  from  the  linac  to  the  bending 
section.  It  also  shapes  the  beam  for  effective  energy  selection  by 
a  slit  that  is  placed  in  the  focus  of  the  first  bending  magnet.  Here 
the  energy  spread  of  the  beam  is  reduced.  The  linac  delivers  a 
beam  with  an  FWHM  energy  spread  of  3.5%  and  a  low  energy 
tail  (Fig.  2),  whereas  the  energy  acceptance  of  the  microtron 
is  limited  to  \AE/E\  <  0.8%  (Fig.  3).  It  is  advantageous  to 
limit  the  energy  spread  in  front  of  the  microtron  in  order  to 
minimize  radiation  production  and  activation  at  higher  energies 
in  the  microtron.  At  the  slit  a  total  beam  reduction  of  about 
80  %  is  calculated,  while  of  the  particles  with  \AE/E\  <  0.8% 
approximately  80  %  is  transmitted. 

The  doublet  at  the  end  of  the  transport  line  is  used  to  match 
the  beam  in  the  transverse  phase  spaces  to  the  acceptances 
of  the  microtron  at  the  position  of  the  cavity.  The  transfer 
matrix  for  the  first  bend  in  the  racetrack  microtron  used  in  this 
calculation  is  obtained  from  numerical  particle  tracking  through 
the  measured  field  profile  [2]. 

Fig.  5  depicts  the  transverse  beam  envelopes  between  linac 
and  cavity,  for  starting  values  of  Xmax  =  Zmax  =  2  mm 
and  x^rnax  =  ^'max  =  4  mrad.  The  final  emittance  at  the 
cavity  matches  the  acceptance  in  fig.  3.  Also  for  different 
starting  emittances  this  match  can  be  obtained  without  any 
difficulties.  Once  the  emittance  of  the  linac  beam  is  measured 
the  final  adjustment  of  focusing  strength  of  the  quadrupoles  in 
the  transport  line  can  be  made. 


Figure.  5.  Beam  envelopes  between  the  linac  and  cavity. 


V.  Concluding  Remarks 

A  compact  transport  line  that  matches  the  six-dimensional 
emittance  of  a  linac  to  the  acceptance  of  a  racetrack  microtron 
is  presented.  The  energy  spread  of  the  linac  beam  is  reduced 
with  a  slit  system  in  a  dispersive  section  of  the  transport  line. 
In  transverse  phase  space  the  quadrupoles  offer  enough  degrees 
of  freedom  to  adjust  the  orientation  of  the  emittance  to  the 
acceptance. 
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A  beam  transport  system  providing  dispersion  matching  of  the 
beam  from  the  cavity  axis  of  a  racetrack  microtron  to  the  injection 
position  in  an  electron  storage  ring  is  described.  For  extraction 
the  last  bend  in  the  10  -  75  MeV  racetrack  microtron  Eindhoven 
has  been  designed  to  be  less  than  n  rad.  This  is  realised  in  a  three 
sector  dipole  field  for  the  last  bend,  as  opposed  to  the  normal 
two  sector  dipole  field  for  the  other  orbits  in  the  microtron.  The 
combination  of  the  last  bend  in  the  microtron  and  the  first  bending 
section  in  the  beam  transport  line  from  the  microtron  to  the  400 
MeV  storage  ring  EUTERPE  forms  a  double  achromat.  The  total 
transport  line  consists  of  two  bending  and  two  straight  sections, 
with  quadrupole  doublets  for  transverse  phase  space  matching 
between  microtron  and  ring. 

L  Introduction 

The  400  MeV  electron  storage  ring  EUTERPE  [1]  is  a  univer¬ 
sity  project  set  up  for  studies  of  charged  particle  beam  dynamics 
and  application  of  synchrotron  radiation.  The  injection  chain 
of  EUTERPE  consists  of  a  completely  revised  'old'  medical  10 
MeV  travelling  wave  linac  followed  by  the  10-75  MeV  Race- 
Track  Microtron  Eindhoven  (RTME)  [2] .  The  final  energy  of  75 
MeV  is  obtained  by  13  subsequent  passages  through  the  accel¬ 
erating  cavity. 

For  extraction  with  a  bending  magnet,  it  is  advantageous  to  in¬ 
crease  the  distance  between  the  last  and  forelast  orbit  in  the  race¬ 
track  microtron.  In  section  II  is  described  how  this  is  achieved  by 
adjustment  of  the  field  profile  of  one  of  the  microtron  magnets. 
In  section  III  is  described  how  the  extracted  beam  is  dispersion 
matched  to  the  transport  line.  The  final  bend  towards  the  ring  is 
provided  by  a  1.37  rad  bending  section  with  minus  unity  transfer 
matrix.  The  constraints  for  this  transformation  are  derived  in 
section  IV.  In  section  V  the  optical  design  of  the  total  transport 
line  is  described. 

The  injection  into  the  racetrack  microtron  is  described  in  an¬ 
other  paper  in  these  proceedings  [3].  In  this  paper  the  transverse 
phase  space  (jc,  jc')  refers  to  the  bending  plane  of  the  system,  the 
(y ,  y')  plane  to  the  motion  perpendicular  to  the  bending  plane. 

IL  The  last  bend  in  the  microtron 

The  bending  magnets  of  the  racetrack  microtron  consist  of  two 
distinct  field  levels  for  optimised  focusing  properties  [2] .  In  order 
to  obtain  closed  orbits  (tt  rad  bends)  the  magnets  are  rotated  in 
their  median  planes  over  78  mrad.  It  is  favourable  for  extraction 
with  a  small  dipole  magnet,  that  the  bending  angle  of  the  last 
orbit  (75  MeV)  is  less  than  n  rad,  thereby  increasing  the  orbit 
separation,  which  is  60.6  mm  for  the  other  orbits.  This  smaller 
bending  angle  can  easily  be  achieved  by  altering  the  two  sector 


Figure.  1.  The  last  bend  in  the  racetrack  microtron  and  the 
dispersion  matching  section. 

profile  into  a  three  sector  profile  for  the  last  bend  only.  The  three 
sector  profile  consists  of  a  low  field  section  (fii  =  0.51  T),  a 
high  field  section  {Bn  =  0.60  T)  and  again  a  low  field  section, 
see  figure  1.  In  order  to  limit  possible  effects  of  the  fringing 
fields  due  to  the  additional  sector,  the  radial  distance,  d,  between 
the  forelast  70  MeV  orbit  and  the  sector  edge  is  about  20  mm, 
where  the  gap  is  20  mm  in  the  low  field  section. 

The  sector  angle  ©  between  the  first  low  field  sector  and  the 
high  field  sector  is  dictated  by  the  electron  optical  design  of  the 
microtron.  The  adjustable  parameter  is  the  second  sector  angle 
0.  Decreasing  6  yields  an  increased  radial  orbit  shift  and  exit 
angle. 

In  a  first  order  approximation  in  the  magnetic  fields  the  exit 
angle  0  is  given  by  [2] 

0  =  (5/f/5L-l)sin(20  +  0)  (1) 

and  the  exit  position  y,  with  respect  to  the  common  drift  on  the 
cavity  axis  by 

y  =  ^[2-  {Bh/Bl  -  1)  [cos(2©  +  0)  -  cos(2©)]] ,  (2) 
dl 

where  p  and  e  are  the  electron  momentum  and  charge.  The  exit 
position  is  limited  to  approximately  945  mm  by  the  extent  of  the 
vacuum  chamber.  With  eqs.  1  and  2  this  yields  9  ~  0.52  rad  and 
0  2:^  0.146  rad  and  y  =  945  mm. 

The  field  map  of  the  three  sector  magnet  has  been  mea¬ 
sured  and  with  this  map  numerical  orbit  calculations  have  been 
performed.  From  the  numerical  calculations  an  exit  position 
y  =  947  mm  and  an  exit  angle  0  =  0.10  rad  follow,  close  to  the 
predicted  values  and  sufficient  for  easy  extraction. 
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Table  I 

The  position  after  each  element  in  (jc,  jc')  phase  space 
throughout  the  last  bend  in  the  microtron  and  the  first 
bending  section  for  a  particle  with  Ap/p  =  1%. 


after  element 

position 

last  bend  microtron  (1,0)  I 

drift  Li 

(1,0) 

dipole  Ml 

(1,  -Pi  -  Di)  ==  (1,  D*) 

drift  L2 

(1  +  LjD*.  D*)  =  (Ld,  D*) 

quadrupole  Qi 

iLD,-Q^LD  +  D*) 

drift  L3 

(Ld  +  L^i—QiLo  +  D*), 

-QiLd  +  D*) 

dipole  M2 

(0,0) 

III.  Dispersion  matching 

Each  individual  complete  orbit  in  the  racetrack  microtron 
forms  a  double  achromat.  The  large  dispersive  action  of  the 
last  bend  will  be  accounted  for  by  the  first  bending  section  in 
the  transport  line  between  microtron  and  the  storage  ring.  This 
first  bending  section  consists  of  two  non-identical  dipole  mag¬ 
nets  (Ml  and  M2)  with  the  non-symmetrically  placed  quadrupole 
Q 1  in  between.  Since  we  have  chosen  to  let  the  beam  run  parallel 
with  the  cavity  axis  after  the  first  bending  section  the  bending 
angle  of  the  second  dipole  has  to  be  0.10  rad  larger  than  the 
bending  angle  of  the  first  dipole  (see  figure  1). 

To  a  very  good  approximation  the  action  of  the  last  bend  of  the 
microtron  can  be  regarded  as  the  action  by  a  ;r  rad  bend,  which 
leaves  a  reference  particle  with  a  relative  momentum  deviation 
of  unity  (dp/p  =  1)  at  position  (1, 0)  in  the  (jc,  x')  phase  space. 
The  drift  Li  to  dipole  Mi  does  not  influence  the  position  in 
phase  space.  The  first  dipole  shifts  the  reference  particle  both  by 
dispersive  and  focusing  action  to  (1,  —Pi  —  Dj).  Where  Pi  = 
sin  01 /p  is  the  focusing  strength  and  Di  =  sin0i  the  dispersive 
action  of  the  decomposed  bending  magnet  Mi .  Here  p  and  0i  are 
the  bending  radius  and  bending  angle  of  the  dipole,  respectively. 
The  subsequent  actions  by  the  drifts,  the  quadrupole,  and  the 
second  dipole  can  be  followed  both  in  figure  1  and  table  1.  The 
drifts  are  taken  between  the  subsequent  principle  planes. 

The  conditions  for  doubly  achromatic  behaviour  of  the  com¬ 
bination  of  the  last  bend  in  the  microtron  and  the  first  bending 
section  are  given  by 


L3  = 


1-L2(Pi+Di) 

D2 


(3) 


—Pi  —  Di-\-  D2 

r-L2(A+A)‘ 


(4) 


As  can  be  deduced  from  eqs.  3  and  4  and  the  phase  space  figure, 
the  quadrupole  is  focusing  in  the  vertical  plane.  To  avoid  too 
strong  focusing  of  Qi ,  L2  and/or  0i  should  be  small.  The  mini¬ 
mum  value  for  0i  is  0.44  rad  and  is  fixed  by  the  demand  that  the 
center  of  the  transport  line  should  pass  at  a  minimum  distance 
of  15  cm  along  the  second  bending  magnet  of  the  racetrack  mi¬ 
crotron.  By  this  demand  the  bending  angle  of  M2  becomes  0.54 
rad.  The  bending  radius  p  is  chosen  0.5  m. 


Figure.  2.  The  total  transport  line  between  the  racetrack  mi¬ 
crotron  and  EUTERPE  as  well  as  the  movement  in  horizontal 
phase  space  in  the  second  bending  section. 


IV.  The  doubly  achromatic  bending  system 

The  doubly  achromatic  bending  section  that  bends  the  beam 
over  1.37  rad  towards  the  injection  spot  of  the  ring  consists  of 
two  identical  bending  magnets  with  a  symmetrical  quadrupole 
triplet  in  between,  see  figure  2.  The  last  0.20  rad  bend  into  the 
ring  is  performed  by  a  magnetic  and  an  electrostatic  septum. 

For  the  design  of  this  system  the  triplet  at  first  is  replaced 
by  a  single  quadrupole,  with  focusing  strength  Q,  preceded  and 
followed  by  a  drift  L  (=  0.43  m)  to  the  dipoles.  For  Q  =  2/L 
this  system  is  doubly  achromatic.  The  total  horizontal  transfer 
matrix  of  this  bending  section  is  given  by 


M  = 


( 


-1 


2 

L 


^^bend 


(5) 


for  Pbend  =  1/Z.  this  yields  a  minus  unity  transfer  matrix. 

The  single  quadrupole  with  the  two  drift  lengths  L  and  the 
decomposed  horizontal  plane  transfer  matrix 


is  replaced  by  a  quadrupole  triplet  with  focusing  strengths 
drift  lengths  d  between  the  quadrupoles  and  drift 
lengths  z  between  the  quadrupoles  and  the  dipoles.  By  putting 
P  =  \/d  and  Qs  =  1/2L  -i-  1/^/  the  focusing  strength  of  the 
triplet  is  equal  to  the  strength  of  the  single  quadrupole  [4].  The 
decomposed  transfer  matrix  for  the  triplet  in  the  horizontal  plane 
is  now  given  by 


TnpU„„  =  (^l  f) 

and  the  transfer  matrix  for  the  vertical  plane  by 


Triplet^, 


-dO  +  ^)y 


(7) 

(8) 


This  is  the  transfer  matrix  for  a  virtual  negative  drift.  By  de¬ 
manding  that  the  transfer  matrix  of  the  total  bending  section  for 
the  horizontal  plane  equals  the  minus  unity  matrix  (eq.  5)  the 
lengths  of  the  drifts  before  and  after  the  triplet  are  fixed  by 


(9) 
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In  order  to  obtain  the  same  minus  unity  matrix  in  the  vertical  plane 
for  the  total  bending  section,  the  following  condition  should  be 
fulfilled 

-3d-  —  +  2z=  0,  (10) 

where  the  two  drift  lengths  z  between  triplet  and  dipoles  are 
added  to  the  drift  in  eq.  8.  Eqs.  9  and  10  solve  to  z  =  L(3  —  \/5) 
and  d  =  2L(V5  —  2),  which  implies  Qs  =  ^(V5  +  3)  and 
P  =  ^(^5  +  2).  Under  these  conditions  the  total  doubly 
achromatic  bending  section  yields  a  minus  unity  transfer  matrix 
in  both  transverse  phase  spaces. 

V,  The  total  beam  transport  system 

The  two  bending  sections  are  connected  via  a  straight  section 
(of  L58  m)  with  a  quadrupole  doublet,  see  figure  2.  Also  the  last 
straight  section  (of  2.44  m)  towards  the  injection  spot  of  the  ring 
is  covered  with  a  quadrupole  doublet. 

First  the  computer  code  TRANSPORT  is  used  to  establish  the 
doubly  achromatic  behaviour  of  the  two  bending  sections.  Due 
to  the  difference  in  description,  the  lens  strengths  calculated  in 
the  previous  section  are  slightly  adjusted.  Then  the  complete 
transport  line  is  used  as  input  and  only  the  quadrupoles  in  the 
connecting  doublets  are  allowed  to  vary.  These  doublets  are 
adapted  to  match  the  transverse  parameters  of  the  beam  from 
the  microtron  to  the  acceptance  of  the  ring  and  to  assure  a  beam 
waist  in  both  transverse  phase  spaces  at  the  injection  spot  of  the 
ring. 

The  beam  envelopes  along  the  complete  line  are  depicted  in 
figure  3.  As  input  beam  the  maximum  emittance  of  the  racetrack 
microtron  is  used  (2  mm-mrad  horizontal  and  4  mm-mrad  verti¬ 
cal)  [2] .  The  two  individually  variable  quadrupole  doublets  offer 
enough  freedom  to  adjust  the  optics  in  case  the  emittance  differs 
from  the  assumed  one. 

The  field  in  the  bending  magnets  is  0.50  T  (p  =  0.50m)  and 
0.66  T  (/?  =  0.38m),  respectively  for  the  first  and  second  bending 
section.  The  quadrupole  gradient  is  maximal  12.4  T/m  for  an 
effective  quadrupole  length  of  10  cm. 

Beam  steering  in  both  directions  will  be  done  with  steering 
magnets  placed  between  the  quadrupoles  of  the  doublets  and  in 


the  first  bending  section  after  the  quadrupole.  Beam  position 
monitoring  with  capacitive  pick  ups  will  be  done  right  after  the 
microtron,  just  before  injection  into  the  ring  and  at  several  other 
places  along  the  line.  The  ultra  high  vacuum  system  of  the  ring 
and  the  high  vacuum  system  of  the  transport  line  will  be  separated 
by  a  thin  foil  (:^  10/xm)  which  will  only  cause  a  minor  emittance 
growth. 
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Electromagnetic,  Thermal  and  Structural  Analysis  of  the  Fermilab 
Antiproton  Source  Lithium  Collection  Lens 

S.  O'Day  and  K,  Anderson,  Fermilab*,  P.O.  Box  500,  Batavia,  IL  60510  USA 


A  coupled  field  finite  element  ANSYS  analysis  was 
done  on  the  electromagnetic,  thermal  and  structural  aspects 
of  Fermilab  Antiproton  Source  lithium  lens  operation.  The 
temperature  distribution  from  Joule  heating  and  the  radial 
magnetic  pinch  forces  were  used  as  input  for  a  2~D 
structural  model  with  a  fine  mesh  density.  The  results  of 
this  analysis  show  that  the  preload  on  the  lithium  as  it  is 
filled  into  its  titanium  container  may  be  reduced  by  15 
percent.  This  reduces  the  radial  stress  on  the  Ti  can  after 
the  pulse  when  only  preload  and  thermal  stresses  remain. 
Further  reduction  in  preload  could  come  from  a  scheme  to 
pre-pulse  the  lens  at  low  current.  The  heating  of  the  lithium 
before  standard  operating  current  is  applied  would  then 
play  the  role  of  preload  at  fill.  The  results  of  this  analysis 
and  future  implications  for  lens  operation  will  be  discussed. 

I.  Antiproton  Production  and  Collection 

The  Fermilab  Main  Ring  delivers  3x10^^  protons  per 
pulse  to  the  8  cm  long  Ni  antiproton  production  target.  The 
transverse  spot  size  of  the  beam  is  .5mm  (3a).  The  beam 
pulse  consists  of  80  1  ns  bunches  spread  evenly  over  1.6 
[IS.  Beam  pulses  arrive  once  every  2.4  seconds.  A  lithium 
collection  lens  sits  20  cm  downstream  of  the  target.  The 
lens  collects  8.9  GeV/c  secondaries  produced  within  a  35 
milliradian  cone.  The  lens  focuses  the  beam  to  an  angular 
spread  of  2.6  milliradians  and  a  radius  of  1  cm.  A  pulsed 
dipole  bends  the  beam  3  degrees  into  a  transport  line  which 
leads  to  a  500  m  circumference  debuncher  ring.  After 
bunch  rotation  and  some  transverse  cooling,  the  antiprotons 
are  then  kicked  into  a  500  m  circumference  storage  ring 
where  they  are  stochastically  cooled  and  stacked.  Detailed 
Fermilab  and  CERN  antiproton  source  descriptions  are 
given  elsewhere[l]. 

A  conventional  lithium  lens  is  a  cylinder  of  solid 
lithium  carrying  current.  A  charged  particle  passing 
through  the  lens  with  some  angle  with  respect  to  the  lens 
axis  will  feel  a  radial  Lorentz  force.  A  lens  with  radius  r, 
length  1  carrying  a  current  I,  will  produce  an  azimuthal 
magnetic  induction  B(r)=|XoIr/27Cro^.  An  ideal  lens  is  in 
focus  when  the  distance  from  a  point  source  of  particles  to 
the  upstream  face  of  the  lens  is  Z=l/(k  tan(kl))  where 
k=(.3G/p)^^2,G  =lens  gradient  and  p=particle  momentum. 
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II.  Collection  Lens  Design  and  Construction 

The  lithium  lens  used  for  antiproton  collection  at 
Fermilab  has  a  diameter  of  2cm  and  a  length  of  15cm.  A 
640  kAmp  350  |xs  damped  half  sine  wave  current  pulse 
passes  through  the  lithium  in  this  lens.  The  lens  completes 
the  secondary  of  an  8:1  step  up  current  transformer.  A 
cross  section  of  the  lens  in  the  plane  of  the  beam  is  shown 
in  figure  1.  The  lithium  is  encased  in  a  water  cooled 
titanium  can.  The  lens,  can  and  water  conduits  all  reside  in 
a  steel  cylinder.  The  steel  is  divided  into  two  halves 
separated  spatially  and  electrically  by  ceramic  ring 
standoffs.  The  current  input  is  attached  to  one  half  and  the 
output  to  the  other.  The  two  halves  are  bolted  together(with 
electrical  isolation).  Further  electrical  and  mechanical 
description  is  given  in  other  references [2,3]. 

During  the  filling  process,  lithium  is  pumped  under 
pressure  into  an  evacuated  titanium  can.  The  lithium  is 
heated  to  200®  C,  introduced  into  the  lens  at  500  psi(  for 
Li,  Tinelt=  180®C)  and  then  allowed  to  cool  to  160®C 
before  the  fill  continues.  As  the  lithium  cools  to  room 
temperature,  more  and  more  pressure  is  applied.  The  final 
fill  pressure  is  2300  psi  when  the  stopcock  is  closed. 

Fermilab  lithium  lenses  of  more  recent  design  have 
survived  up  to  7  million  pulses  at  a  lens  gradient  of  750 
T/m.  The  original  design  lens  gradient  was  lOOOT/m. 
Lenses  run  at  even  800T/m  experience  a  failure  of  the 
titanium  jacket  encasing  the  lithium.  This  typically  occurs 
after  1-2  million  pulses.  As  will  be  shown,  small  stress 
increases  in  the  titanium  cylinder  result  in  a  great  reduction 
in  the  life  of  the  lens. 

III.  Electromagnetic  Model  Results 

The  3-D  ANSYS [4]  electromagnetic  package 
SOLID96  was  used  to  produce  a  Lorentz  force  density  map 
(figure  2).  This  map  was  used  as  structural  model  load 
input.  The  Joule  heating  of  the  lithium  was  also  calculated 
as  a  function  of  radius  thus  providing  thermal  model  input 
data.  The  magnetic  field  and  current  density  maps  were 
used  to  cross  check  the  expected  current  skin  depth  and 
magnetic  forces. 

One  quarter  of  the  lens  was  divided  into  1 1  radial,  6 
azimuthal  and  10  longitudinal  sections.  Azimuthal 
symmetry,  vector  potential  and  electrostatic  potential 
boundary  conditions  were  then  applied. 
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Figure  1:  Lithium  Collection  Lens(half  symmetry):  L 
Electrical  Contact; 2- Water  Septum;3-Be  End  Cap;4- 
Li  Cylinder  Axis;5~End  Flange ;6-Inner  Cooling 
Jacket. 


0  0.002  0.004  0.006  0.008  0.01  0.012 
Radius(m) 


Figure  2:  The  magnetic  force  per  unit  volume  as  a  function 
of  lithium  lens  radius  at  mid-pulse. 


IV.  Thermal  and  Structural  Model  Results. 

The  SOLID96  model  described  above  was  coupled  to 
the  thermal  modeling  package  SOLID70.  The  temperature 
distribution  shown  in  figure  3  was  generated  from  the  Joule 
heating  map  provided  by  SOLID96. 

The  SOLID70  output  was  coupled  to  the  SOLID45 
structural  package  in  a  test  run,  but  final  results  were 
obtained  using  a  much  finer  2-D  axisymmetric  element 
mesh(  with  PLANE42)  to  improve  the  accuracy  near  the 
lithium-titanium  interface.  The  electromagnetic  forces  and 
thermal  model  temperature  predictions  were  input  as  loads 
on  individual  elements  in  the  PLANE42  model. 

The  results  at  mid-pulse  are  shown  in  tables  1  and  2.  In 
the  tables,  the  radial  and  tangential(hoop)  stresses  are 
given.  The  effect  of  just  the  lithium  preload  is  shown  in 
row  1.  The  impact  of  both  the  preload  and  the  magnetic 
pinch  together  are  shown  in  row  2.  Finally  in  row  3,  the 
effect  of  thermal  stresses  is  added  in. 

Two  illustrative  cases  are  displayed  in  the  tables.  The 
first  case  is  that  of  present  lens  preload  at  mid-pulse  on  the 
first  pulse.  The  second  case  is  done  at  a  reduced  pre-load, 
but  at  mid-pulse  after  the  system  has  been  pulsed  many 
times  and  has  reached  steady  state.  The  design  lens 
gradient  of  1000  T/m  is  assumed  in  each  case. 

A  negative(  compressive)  radial  stress  is  indicated  by 
the  final  row  in  each  table  which  includes  a  preload  on  the 
lithium,  a  magnetic  pinch  from  the  current  pulse  and  the 
thermal  expansion  stress  from  the  subsequent  temperature 
rise  of  the  lithium.  The  implication  here  is  that  the  titanium 
can  is  acting  to  compress  the  lithium.  This  is  equivalent  to 
the  statement  that  there  is  physical  contact  between  the  two 
materials  and  that  there  is  enough  preload  to  overcome  the 
magnetic  pinch  produced  by  the  current  pulse. 

The  excess  preload  for  the  first  case  amounts  to  350 
psi.  A  third  case  was  run  with  only  1950  psi  of  preload  to 
verify  that  the  radial  stress  becomes  zero  at  mid-pulse. 
Removing  preload  on  the  lithium  is  good  because  it  limits 
the  maximum  radial  and  hoop  stress  which  will  be  placed 
on  the  titanium  can  after  the  magnetic  pinch  is 
gone(between  pulses).  The  case  presented  in  table  2 
indicates  that  if  steady  state  conditions  can  be  maintained 
at  all  times,  the  preload  can  be  dropped  much  more.  The 
stress  from  the  preload  removed  is  replaced  by  the  thermal 
stress  gained  from  a  higher  initial  temperature  at  the 
beginning  of  the  pulse. 
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Figure  3:  The  temperature  of  the  lithium  lens  at  Figure  4:  The  alternating  stress  as  a  function  of 

mid-pulse  as  a  function  of  lithium  lens  radius.  the  number  of  cycles  to  fatigue  failure. 


Table  1:  Ti  Septum  Stress®  2300  psi  Preload  during 


lstPulse(Tn=20O  C) 


Effects  Included 

Preload  Only 

-1.528x107 

+1.610x108 

Preload+Pinch 

+1.213x107 

-1.584x108 

Preload,Pinch, 
Thermal  Expansion 

-2.405x106 

-2.346x107 

Table  2:Ti  Septum  Stress®  500  psi  Preload  during 
_ Steady  StatePulse(T!;;R=65^  C  ) _ 


1  Effects  Included 

Or(Pa) 

o,(Pa) 

-3.335x10^ 

+3.352x107 

Preload+Pinch 

+2.407x107 

-2.841x108 

Preload,Pinch, 
Thermal  Expansion 

-1.294x107 

+8.752x107 

V.  Implications  for  Li  Lens  Reliability 

The  S-N  curve  in  figure  5  shows  the  strength  of  Ti- 
6A1-4V  [5]  as  a  function  of  the  number  of  stress  reversals. 
If  one  assumes(based  on  800  T/m  lifetime)  that  the 
titanium  in  the  can  experiences  a  maximum  stress  of  85  ksi, 
then  decreasing  this  by  15%(by  decreasing  preload)  should 
result  in  a  lifetime  increase  of  up  to  9  million  cycles  under 
present  operating  conditions.  This  curve  is  not  completely 
suitable  for  making  this  prediction  since  a  lithium  lens  does 
not  undergo  complete  stress  reversal  as  it  is  pulsed. 

If  the  current  was  ramped  up  to  full  value  over  a 
number  of  pulses  so  that  a  temperature  close  to  steady  state 
could  be  obtained  before  the  first  full  current  pulse,  then  a 
preload  much  lower  than  1950  psi  could  be  considered.  At 
500  psi  preload,  one  could  consider  increasing  the  lens 
current  by  25%  while  accepting  little  or  no  decrease  in  the 
number  of  cycles  to  titanium  can  failure. 
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A  NEW  CONCEPT  IN  THE  DESIGN  OF  THE  LHC  BEAM  DUMP 


J.M.  Zazula,  M.  Gyr,  G.R.  Stevenson  and  E.  Weisse, 
European  Laboratory  for  Particle  Physics,  CERN,  CH-1211  Geneva  23 


Abstract 

Recent  Monte  Carlo  cascade  simulations  have  shown  that  a  re¬ 
duction  in  the  maximum  of  deposited  energy  density  can  be  ob¬ 
tained  by  applying  a  uniform  magnetic  field  over  a  front  part  of 
the  graphite  core  of  the  LHC  dump.  This  paper  shows  the  effect 
of  field  strength  on  spatial  distributions  of  absorbed  energy  and 
temperatures,  and  discusses  problems  to  be  solved  when  design¬ 
ing  a  suitable  magnet. 

L  INTRODUCTION 

The  LHC  energy  of  nominally  333  MJ  per  ring  (2.97- 10^^  pro¬ 
tons  at  7.0  TeV),  extremely  concentrated  in  a  small  region  around 
the  beam  axis,  gives  rise  to  severe  thermal  and  mechanical  con¬ 
straints  on  the  construction  of  the  beam  dump,  which  will  be  in¬ 
stalled  at  a  distance  of  about  750  m  from  the  ejection  point.  Sev¬ 
eral  beam  diluting  procedures  exist  and  have  already  been  dis¬ 
cussed  [1].  Each  of  them  applied  alone  is  either  not  sufficient  to 
keep  the  maximum  temperature  rise  in  the  graphite  below  a  tol¬ 
erable  level — or  kicker  magnet  performance  or  the  tunnel  length 
are  forced  to  extreme  levels. 

Absorption  of  the  beam  energy  is  the  process  mainly  con¬ 
tributed  to  by  low-energy  charged  components  (mostly  electrons 
and  positrons)  of  the  cascades  induced  by  primary  protons  in  the 
dump.  Thus  a  magnetic  field  applied  over  a  front  part  of  the  core 
could  serve  to  spread  a  part  of  the  deposited  energy  out  of  the 
critical  concentration  region.  This  study  aims  to  answer  what 
field  strengths  would  be  required  to  obtain  a  sufficient  cascade 
dilution,  and  if  those  fields  can  be  provided  by  any  magnet  that 
is  realistic  for  design  and  installation  in  the  dump  area. 

11.  EFFECT  OF  MAGNETIC  FIELD  ON 
ABSORBED  ENERGY  AND  TEMPERATURE 
DISTRIBUTIONS 

A.  Simulations  of  particle  cascades 

The  simulations  of  particle  cascades  in  a  central  part  of 
the  LHC  dump  were  performed  with  the  FLUKA  high  energy 
shower  program  [2].  Comparisons  with  measurements  of  ab¬ 
sorbed  dose  distributions  around  accelerator  beams  (albeit,  at 
lower  energies)  have  shown  [3]  that  an  accuracy  of  better  than 
25%  can  be  expected  when  estimating  the  densities  of  deposited 
energy  from  Monte  Carlo  calculations  with  this  code. 

The  LHC  beam  of  7  TeV  protons  was  assumed  to  have  pro¬ 
jected  distributions  of  Gaussian  profile;  the  beam  parameters 
taken  for  the  simulations  are  given  in  Table  1.  The  most  suitable 
material  for  the  construction  of  the  upstream  part  of  the  dump 
core  is  a  graphite,  assumed  here  to  be  pure  ^^C  of  density  1.75 
g-cm“^.  Secondary  cascades  were  simulated  only  in  the  cen¬ 
tral  part  of  the  dump  of  dimensions  lOx  10x300  cm^;  prelim¬ 
inary  results  have  shown  that  this  depth  includes  the  longitudi- 
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Table  I 

Nominal  beam  parameters  assumed  for  the  simulations. 


Beam  momentum  (monoenergetic) 

7.0 

TeV/c 

Horizontal  beam  size  (Gaussian  (th) 

1.46 

mm 

Vertical  beam  size  (Gaussian  af) 

1.06 

mm 

Beam  divergence  (Gaussian  (Th,v) 

1.64 

tit 

Beam  intensity  (protons  per  ring) 

2.97 

•10^^ 

Spill  absorption  time 

90 

flS 

nal  maxima  of  deposited  energy  density  (with  or  without  a  mag¬ 
netic  field),  and  that  the  energy  densities  (and  the  corresponding 
instantaneous  temperature  rises)  decrease  by  at  least  two  orders 
of  magnitude  for  radial  positions  5  cm  from  the  beam  axis. 

The  interactions  and  propagation  of  charged  components  of 
the  cascades  (protons,  charged  pions,  muons  and  electrons)  were 
followed  down  to  the  kinetic  energy  threshold  of  1  MeV,  of  pho¬ 
tons  down  to  100  keV,  and  of  neutrons  down  to  a  thermal  energy 
range.  Particles  slowed  down  or  produced  with  energies  below 
these  thresholds  are  assumed  to  deposit  their  energy  locally  (in 
a  range  which  is  negligible  compared  to  the  scoring  mesh  size). 
Energy  lost  by  charged  particles  in  ionization  processes  was  con¬ 
verted  to  emitted  <5-rays  (low  energy  electrons),  and  thus  further 
distributed  around  ionizing  particle  tracks.  None  of  the  bias¬ 
ing  or  importance  sampling  methods  available  in  FLUKA  were 
used. 

The  homogeneous  uni-directional  magnetic  field  perpendicu¬ 
lar  to  the  beam  axis  (the  direction  of  field  is  called  “vertical”, 
since  the  induction  B  was  taken  parallel  to  the  vertical  beam 
plane)  was  present  over  the  whole  length  of  the  system  (3  m), 
with  field  strengths  of  0.5, 1,  2  and  5  T.  The  results  without  field 
were  also  obtained  for  reference,  for  the  same  beam  (see  Table  I) 
and  for  the  beam  that  vertical  profile  was  linearly  swept  over  dis¬ 
tance  ±5  cm.  Samples  of  primary  histories  that  were  completed 
for  fixed  run  times  of  the  simulation  program  (20  000  native  sec¬ 
onds  of  the  SP2  system  at  CERN)  for  each  field  case  are  given 
in  the  the  second  column  of  Table  II. 

The  density  of  the  deposited  energy  was  determined  as  a  func¬ 
tion  of  horizontal  and  vertical  position  and  of  longitudinal  depth, 
in  two  Cartesian  bin  structures,  :  a  fine  mesh  of  0. 1  x  0. 1  mm^ 
lateral  size  (up  to  5  mm  from  the  beam  axis),  and  a  coarse  mesh 
of  1 X 1  mm^  lateral  size;  both  with  longitudinal  bins  10  cm  in 
depth. 

B.  Spatial  distributions  of  deposited  energy 

Maximum  energy  densities,  maximum  laterally  integrated  en¬ 
ergies  and  total  energies  deposited  per  one  proton  of  the  LHC 
beam,  in  the  lOx  10x300  cm^  graphite  block  in  an  uniform  mag¬ 
netic  fields  of  various  strengths,  are  given  in  Table  II.  The  max¬ 
imum  densities  given  in  the  third  column  of  the  table,  are  those 
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Figure  1 .  Maximum  energy  densities  as  function  of  longitudinal 
depth  in  the  core,  for  various  field  strengths. 

obtained  from  the  1x1  mm^  lateral  bins  (coarse  mesh),  that  were 
still  less  then  projected  half-widths  of  the  beam. 

The  obtained  spatial  distributions  of  densities  of  energy  de¬ 
posited  per  one  primary  proton,  for  various  levels  of  the  mag¬ 
netic  field,  are  shown  in  Figure  1  as  a  function  of  the  longitu¬ 
dinal  depth  in  graphite,  and  in  Figure  2  as  a  function  of  the  lat¬ 
eral  distance  off-axis  in  the  plane  perpendicular  to  the  magnetic 
induction  B  (horizontal  plane).  For  the  longitudinal  plots,  the 
densities  have  been  averaged  over  ±  1  mm  distances  in  both  lat¬ 
eral  planes.  The  horizontal  distributions  shown  in  Figure  2  have 
been  averaged  between  the  symmetrical  “up”  and  “down”  posi¬ 
tions  within  the  ±1  mm  range  in  the  vertical  plane  (parallel  to 
B),  and  over  ±30  cm  ranges  around  the  longitudinal  maxima  re¬ 
spective  to  the  field  levels,  taken  from  Figure  1,  that  are:  160- 
220  cm  for  no  field  case,  150-210  cm  for  0.5  T,  140-200  cm  for 
1  T,  100-160  cm  for  2  T,  and  80-140  cm  for  5  T.  Moreover,  the 
performed  analysis  has  proved  that  (within  the  limits  of  statisti¬ 
cal  errors)  also  the  “right”  and  “left”  distributions  are  symmetri¬ 
cal,  and  thus  the  mean  values  of  the  “right”  and  “left”  horizontal 
positions  (from  0  to  5  cm)  are  plotted  in  Figure  2. 

The  fine  mesh  results  included  in  Figure  2  (leftmost  part  of  the 
scale)  show  again  that  the  horizontal  profiles  of  energy  density,  at 
depths  of  the  longitudinal  maxima,  are  flat  within  the  horizontal 
range  of  first  ±1  mm  off  the  beam  axis.  The  central  parts  of  the 
vertical  distributions  (not  shown  here  to  keep  this  paper  concise) 
look  similar.  This  justifies  again  the  averaging  procedures  that 
were  applied  for  the  Figure  1  and  Table  II. 

C.  Maximum  temperatures  after  absorption  of  the  beam 

The  amount  of  beam  energy  that  is  deposited  in  the  core  is  fur¬ 
ther  dissipated  in  the  dump  in  the  form  of  heat.  In  order  to  de¬ 
termine  maximum  temperature  rises  that  can  be  expected  in  the 
graphite  after  absorption  of  the  spill,  the  energy  deposition  re¬ 
sults  from  particle  cascade  simulations  were  coupled  to  a  tran¬ 
sient  heat  transfer  analysis,  performed  by  means  of  the  ANSYS 
finite  element  program  [4].  The  system  geometry  and  loads  be¬ 
ing  symmetrical,  only  one  quarter  of  the  core  was  considered,  up 
to  5  cm  radius  off  beam  axis.  This  three-dimensional  quadrant 


Figure  2.  Lateral  distributions  of  energy  density  at  depths  of  lon¬ 
gitudinal  maxima,  for  various  field  strengths. 

Table  n 

Total  energies  deposited  in  the  core,  maximum  laterally 
integrated  energies,  maximum  energy  densities  and  maximum 
temperature  rises  for  various  field  strengths. 


Magn. 

field 

\B\ 

inT 

No. 

of 

sim. 

P 

Depos. 

part 

of 

7TeV 

Energy 
density 
in  10"'^ 
J/kg“ 

Lateral 
integral 
in  10-® 
J/cm  “ 

Temp, 
rise 
in  10^ 
K** 

no 

71 

28% 

5.2 

1.9 

51 

0.5 

57 

21  % 

3.2 

1.5 

33 

1.0 

26 

19% 

2.4 

1.2 

22 

2.0 

35 

14% 

1.9 

0.8 

18 

5.0 

45 

9% 

0.8 

0.5 

9 

sweeps 

32 

24% 

0.4 

1.6 

5 

“per  one  primary  proton 
*^per  spill  (2.97-10^^  protons) 

^±5  cm,  without  magnetic  field 

was  meshed  with  quadrilateral  brick  elements,  by  using  uniform 
divisions  in  the  azimuthal  angle  radial  bins  increas¬ 

ing  logarithmically  from  Ar=0.5  mm,  and  the  same  longitudi¬ 
nal  bins  as  in  the  Monte  Carlo  calculations  (Az=10  cm).  As  this 
mesh  is  more  efficient  in  covering  spatial  regions  of  concentrated 
importance  than  the  Cartesian  bins  available  in  FLUKA,  much 
less  elements  (3600  in  total)  were  required.  However,  a  spe¬ 
cial  interface  algorithm  had  to  be  written,  transferring  the  Monte 
Carlo  scoring  output  to  the  thermal  load  input  of  ANSYS. 

These  loads  were  the  internal  heat  generation  rates  (in 
J/(cm^  s)),  obtained  by  multiplying  the  energy  density  (in  J/cm^ 
per  primary)  interpolated  for  each  node  by  the  number  of  pro¬ 
tons  in  spill,  and  dividing  them  by  the  spill  absorption  time  in 
seconds  (see  Table  I).  These  heat  generation  rates  were  assumed 
to  be  constant  in  time  during  the  absorption  period,  which  is  long 
when  compared  with  the  time  scale  of  the  cascade  development, 
but  short  when  compared  to  characteristic  times  of  heat  propaga- 
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tion.  Thus  heat  flow  outside  of  the  core  (to  external  parts  of  the 
dump,  a  cooling  system,  etc,)  could  be  neglected  for  the  absorp¬ 
tion  period,  and  the  external  boundaries  of  the  considered  sys¬ 
tem  could  then  be  assumed  to  be  adiabatic.  Moreover,  the  ther¬ 
mal  properties  of  graphite,  taken  from  Ref.  [5],  change  consider¬ 
ably  with  temperature;  in  particular  the  specific  heat  varies  from 
about  660  to  2500  J/(kg-^)  between  room  temperature  and  few 
thousands  degrees.  Thus  ANSYS  procedures  for  the  nonlinear 
solutions  had  to  be  involved.  It  should  be  noted  that  physical 
properties  can  also  vary  between  different  graphites,  and  under 
irradiation  conditions. 

The  maximum  temperatures  at  the  end  of  a  spill,  obtained 
for  each  field  strength,  are  given  in  the  last  column  of  Table  II. 
The  three-dimensional  temperature  distributions  are  shown  in 
the  form  of  color  contours  in  the  poster  session  of  this  confer¬ 
ence. 

III.  PROBLEMS  TO  BE  SOLVED  BY 
DESIGNING  A  SUITABLE  MAGNET 

The  major  difficulty  is  the  building  of  a  suitable  magnet  with 
the  necessary  high  dipole  field  over  a  70  cm  wide  gap  and  within 
a  volume  of  about  1 .5  m^,  even  if  the  precision  of  the  field  is  not 
a  critical  parameter.  By  far  the  most  elegant  solution,  requiring 
neither  power  supply,  nor  water  cooling  or  cryogenics  in  an  area 
which  is  radioactive  and  distant  from  any  central  infrastructure, 
would  be  a  permanent  box-  or  ring-magnet  [6]  which,  because 
of  the  very  strong  magnetic  forces  (several  tons/m)  between  the 
different  blocks,  would  be  built  of  short  modules  which  would 
need  to  be  preassembled.  However,  the  maximum  fields  which 
can  be  obtained  with  a  ’’reasonable”  design  — about  0.3  T  with 
relatively  cheap  ferrite,  or  1  T  when  using  the  more  expensive 
rare  earth  -  cobalt  material  -  are  by  far  insufficient  to  reduce 
the  energy  deposition  by  an  order  of  magnitude.  In  order  to 
achieve  higher  fields,  the  volume  of  the  permanent  magnet  ma¬ 
terial  would  have  to  grow  out  of  any  proportion.  The  solution 
of  a  classical  window-frame  electro-magnet  cannot  be  envisaged 
since  the  maximum  achievable  field  of  2  T  only  brings  about  one 
third  of  the  desired  effect.  The  stored  magnetic  energy  in  such 
a  magnet  would  be  in  the  order  of  1  MJ/m  when  excited  with 
a  total  current  of  about  1.2- 10^  Ampere-turns.  The  dissipated 
power  in  the  aluminum  coil,  which  needs  to  be  cast  in  concrete, 
would  exceed  1  MW  unless  being  cooled  with  liquid  nitrogen. 
The  only  possible  magnet  able  to  produce  the  required  magnetic 
field  of  5  T  would  be  a  superconducting  magnet  which  provides 
a  stored  magnetic  energy  of  about  5  MJ/m  and  which  possibly 
would  quench  at  every  discharge  of  the  LHC-beam.  The  coil  of 
the  magnet  would  have  to  be  fully  stabilized  in  order  to  absorb 
the  total  energy  and  the  helium  be  contained  in  a  closed  circuit. 

IV.  CONCLUSIONS 


•  In  presence  of  the  magnetic  field,  spatial  profiles  of  de¬ 
posited  energy  are  longitudinally  flattened  and  laterally 
spread  out  from  the  central  region;  thus  smaller  fractions  of 
the  total  energy  are  deposited  in  the  central  part  of  the  dump 
system,  critical  for  the  concentration  of  the  absorbed  energy 
and  consequent  temperature  rise; 

•  It  was  not  possible  to  obtain  a  reduction  of  the  maximum 
energy  density  by  one  order  of  magnitude,  or  to  keep  the 
maximum  temperatures  in  graphite  below  2500^^0,  using 
the  field  strengths  provided  by  the  most  favorable  perma¬ 
nent  magnets;  other  magnet  designs  would  be  even  less  re¬ 
alistic.  A  satisfactory  solution  might  be  achieved  be  com¬ 
bining  magnetic  dilution  of  the  cascades  with  a  linear  sweep 
in  the  perpendicular  direction. 
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This  study  of  the  utility  of  an  uniform  magnetic  field  for  the 
LHC  beam  dump  system  can  be  summarized: 

•  The  maximum  energy  densities  and  temperatures  are  re¬ 
duced  approximately  linearly  with  field  strength,  up  to 
about  factor  of  7  for  a  5  T  field.  The  effect  obtained  for  the 
maximum  field  is  comparable  with  the  dilution  of  energy 
density  obtained  with  a  linear  sweep  of  ±5  cm. 
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LOSS  CONCENTRATION  AND  EVACUATION  BY  MINI- WIRE-SEPTA  FROM 
CIRCULAR  MACHINES  FOR  SPALLATION  NEUTRON  SOURCES 

H.  Schonauer,  CERN,  CH-1211  Geneva  23,  Switzerland 


1.  INTRODUCTION 

Efficient  loss  management  is  crucial  in  high-intensity 
circular  machines  like  neutron  sources,  and  those  using 
superconducting  magnets.  Collimator  systems  have  been 
designed  or  are  under  intensive  study  [1].  The  common 
problem  of  collimation  is  the  outscattering  from  the 
collimator  faces  which  are  most  frequently  hit  at  shallow 
depth.  In  this  situation  high  collection  efficiency  can  only 
be  achieved  by  two-or-more-stage,  double-jaw,  systems 
requiring  betatron  phase  advances  approaching  271.  As  the 
outscattering  is  isotropic,  both  transverse  planes  are 
affected  and  the  system  layout  becomes  a  two-dimensional 
problem.  Any  convincing  single-stage  collimation  system 
would  be  simpler  to  operate  and  is  likely  to  be  less 
expensive.  The  possible  physical  evacuation  of  the  lost 
beam  towards  a  remote  dump  can  drastically  reduce  the 
radioactivity  level  in  the  tunnel.  Moreover,  fitting  a  two- 
stage  system  into  an  existing  machine  is  difficult  and  in 
general  not  very  promising.  In  this  situation  a  wire  septum 
may  be  the  only  satisfactory  solution. 

11.  BASIC  FEATURES  OF  THE 
MINI-WIRE-SEPTUM  (MWS) 

An  earlier  study  of  the  potential  of  thin  predeflectors 
like  foils  or  wires  for  improving  collimation  efficiency  [2] 
has  already  indicated  the  superiority  of  such  a  special  wire 
septum  over  all  other  types  investigated.  This  article  goes  a 
step  further  and  suggests  its  “upgrading”  into  a  single-stage 
collimator.  Figures  la,  lb  show  a  schematic  comparison 
between  a  conventional  septum  and  a  MWS.  The  prefix 
“mini”  in  the  designation  MWS  refers  to  some  of  its  salient 
features:  (i)  its  short  length,  which  is  essential  for  (ii)  its 
reduced  gap  width  requiring  (iii)  comparatively  low 
operating  voltage. 

Also  new  is  the  use  of  low  Z,  ultra-thin  wires  of 
diameters  <0.05  mm.  Due  to  their  small  cross-section,  these 
wires  experience  strong  deflection  and  bulge  out  of  the 
ideal  plane  by  a  few  mm,  rendering  their  precise  alignment 
impossible.  On  the  other  hand,  a  perfect  septum  is  of 
linoited  value  in  loss  collimation  anyway:  different  loss 
mechanisms  varying  along  the  acceleration  produce  varying 
envelope  slopes;  in  fact,  perfect  alignment  is  rather 
undesirable  as  it  is  easily  seen  that  a  particle  approaching  a 
row  of  wires  in  their  plane  will  hit  them  all  until  it  is 
scattered  out  -  into  the  gap,  or  back  into  the  vacuum  pipe  as 


in  the  case  of  a  massive  collimator.  On  the  contrary,  in  the 
misaligned  MWS,  particles  perform  multiple  passages 
across  the  septum  wire  area  before  receiving  the  full  final 
kick.  For  the  above  reasons,  a  misaligned  septum  performs 
better  in  simulation,  and  it  is  thus  not  surprising  that  the 
non-ideal  septum  does  as  well. 

Circulating  Beam  Extracted  Beam 


Figure  lb:  Mini-Wire-Septum  for  loss  extraction. 

To  keep  the  MWS  simple  and  robust,  bulk  metal 
cathodes  (allowing  fields  of  4-5  MV/m)  are  preferable  to 
oxidised  aluminium  ones  (10  MV/m).  If  the  wires  are 
polarised  to  a  few  kV,  there  is  no  leakage  field  in  the 
useful  aperture  and  ion  traps  can  be  avoided. 

III.  PHYSICAL  PARAMETERS  OF  THE  MWS 

The  parameters  are  chosen  to  fit  the  synchrotron  of  the 
projected  AUSTRON  neutron  spallation  source  [3].  The 
deflection  angle  0,  of  a  wire  septum  is  given  by  0,  =  (eE^ 
l)/(^pc)  -  2.5  MeV/(P/?c)  with  the  maximum  field 
Eq  =  5  MV/m  admitted  by  metal  cathodes  and  a  length  of 
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I  =  0.5  m.  In  the  energy  range  relevant  for  AUSTRON  II 
(130  MeV  -  1.6  GeV),  0,  varies  from  10.2  mrad  to 
1.14  mrad.  The  gap  width  necessary  to  allow  multiple 
passages  is  about  10  mm,  limiting  the  cathode  potential  to 
50  kV,  still  within  simple  HV  technology.  The  wire 
polarisation  potential  is  given  by  V^  =  ( l/2n)  E^a 
ln(a/dn)  =  13.7  kV  for  d  =  0.05  mm  diameter  (beryllium) 
wires  at  a  =  5  mm  distance.  The  force  on  each  wire  is  then 
=  0.028  N/m  and  the  maximum  deflection 

-  ZQaE^h^/(16T)  =  3.45  mm  for  a  tensioning  force  T  of 
0.2  N  corresponding  to  20%  of  the  breaking  strength  of  Be, 
and  a  septum  height  /z  =  100  mm.  The  importance  of  this 
bulging,  which  can  attain  even  more  impressive  values  for 
machines  with  large  apertures,  necessitates  the  hollow 
cathode  shape  sketched  in  Figure  lb.  The  hollow  shape  of 
the  collimation  aperture  is  no  disadvantage,  as  inclined 
collimator  faces  in  connection  with  the  inevitable  linear 
coupling  are  in  fashion  [4,  5]. 

IV.  SIMPLE  ANALYTICAL  DESCRIPTION 

The  basic  function  of  the  MWS  has  been  described  in 
[2]  by  a  simple  “thin-lens”  model  for  a  septum  of  vanishing 
length  in  two-dimensional  geometry.  The  distribution  of  the 
centres  of  the  misaligned  wires  is  described  by  a 
normalised  (from  to  «>)  gaussian  p(x)  of  standard 
deviation  a.  The  deflection  angle  as  a  function  of  the 
entrance  coordinate  x  then  becomes 
e/x)  =  e^F(x/a) 

with  F(x)  being  the  integral  of  p(x),  where  0,  is  the 
deflection  of  the  ideal  septum  given  above.  From 
elementary  multiple-scattering  theory  one  obtains  the  r.m.s. 
scattering  angle 

0/;c)  =  [13.6MeV/f/7pc;]  [N(fnp(x/a)/(4cX,)y'\ 
with  N  =  l/a  the  number  of  wires  and  the  radiation  length 
(350  mm  for  Be).  The  set  of  parameters  of  sec.  II  and  III 
and  a  =  1  mm  yields  QJx)  =  0.32  M6V/(p^c)^p(x/a),  At 
the  maximum  of  the  gaussian  QJO)  =  0.13  MeV/(pPc) 
which  is  to  be  compared  with  the  value  for  the  perfect 
septum  (the  average  path  length  per  wire  is  d'K/d) 

0^  =  [13.6  MeV/fppcj]  [NdTi/(4oXjf'"  =  1.44  MeV/(ppc). 

The  latter  value  is  only  a  little  less  than  that  of  the 
deflection  angle  0,  =  2.5  MeV/(Ppc).  Figure  2  visualises 
the  kicks  according  to  the  above  expressions  for  the  ideal 
and  the  misaligned  septum  in  phase  space;  the  shaded  areas 
represent  the  possible  re-entrance  coordinates  at  subsequent 
turns,  substantially  reduced  for  the  imperfect  septum.  Note 
that  all  angles  scale  with  (p^c),  i.e.  the  relations  given 
above  hold  at  all  energies.  Absolute  deflection  angles 
become  very  small  at  higher  energies  and  for  efficient 
operation  above  1  GeV  two  or  three  MWSs  may  have  to  be 
staggered,  possibly  in  the  same  tank. 


Figure  2:  Thin-lens’  model  of  a  wire  septum. 

V.  RESULTS  OF  THE  SIMULATION  MODEL 

The  thin-lens  model  misses  non-negligible  effects  of 
the  finite  length  of  the  MWS  and  needs  to  be 
complemented  by  tracking  studies.  The  ACCSIM  tracking 
code  [6]  features  a  wire  septum  element  that  can  simulate 
perfect  or  misaligned  wires  in  plane  geometry,  including 
the  interaction  with  matter.  The  growing  beam  halo  is 
modeled  by  an  annulus  in  phase  space  drifting  slowly  (here 
at  0.5  m/s)  into  the  septum.  The  three  cases  of  interest  are 

(a)  the  ideal  MWS,  aligned  with  the  envelope  of  the  ‘halo’, 

(b)  the  same  but  slightly  misaligned,  and  (c)  a  ‘real’  septum 
with  a  gaussian  distribution  of  wire  position  errors  of 
standard  deviation  a  =  0.5  -  1  mm.  Figure  3  a,  b,  c  shows 
the  trajectories  of  one  single  particle  through  the  septum  for 
these  cases,  while  Figure  4  a,  b,  c  shows  the  corresponding 
phase  plane  plots  for  the  septum  exit  and  ten  particles.  The 
last  exit  coordinates  (before  the  particles  hit  the 
downstream  collector)  are  marked  by  asterisks. 

The  test  particle  passes  the  aligned  septum  only  twice 
(Fig.  3a):  the  lower  (first)  pass  hits  the  end  of  the  wire  row 
and  is  strongly  scattered  to  the  outside,  gaining  emittance. 
This  is  the  prerequisite  that  it  can  re-enter  as  shown  with 
large  amplitude  and  negative  angle,  obviously  an 
unfavourable  case.  In  Figures  3b,  c  the  particle  passes  five 
times  and  is  barely  scattered.  The  most  interesting  feature 
of  cases  (b),  (c)  can  be  seen  in  Figures  4b,  c:  the  gap 
between  the  final  and  earlier  exit  points,  not  present  in 
Figure  4a.  The  study  of  a  number  of  cases  has  shown  that 
this  gap  is  even  more  pronounced  for  larger  standard 
deviations  a  >1  mm  of  the  wire  distribution.  There  one 
would  place  the  face  (transformed  to  that  location)  of  a 
second,  magnetic  septum  for  definitive  loss  evacuation. 

To  test  the  MWS  in  a  realistic  model,  three  septa  were 
inserted  into  the  lattice  of  AUSTRON  II  at  the  foreseen 
horizontal,  vertical  and  momentum  collimator  locations. 
With  these  insertions  FT  injection  at  130  MeV  and  RF 
capture  were  tracked  with  ACCSIM. 
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Figure  3a,  b,  c  (top  to  bottom):  Wire  locations  and 
trajectories  in  physical  space  of  a  test  proton  of  130  MeV 
through  a  wire  septum  with  a  field  of  5  MV/m. 
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Figure  4a,  b,  c  (top  to  bottom):  Phase  space  trajectories 
(not  in  4c,  as  they  would  confuse  the  presentation)  and  exit 
coordinates  of  10  particles  extracted  by  a  wire  septum;  final 
exits  marked  by  an  asterisk.  ‘Halo’  model  annulus  in  4a. 


The  basic  loss  mechanisms  are  then  multiple 
scattering  in  the  A1  stripper  foil  and  RF  capture  loss.  The 
downstream  collectors  were  assumed  to  be  ideal  absorbers. 
The  collimation  efficiency  of  the  septa  turned  out  to  be 
97.2  %  while  under  identical  conditions  three  graphite 
collimators  achieved  94.7  %. 

VI.  CONCLUSION 

A  specially  designed  small  wire  septum  provides 
cleaner  single-stage  loss  collection  in  simulation  than  a 
two-stage,  massive  collimator  system.  Such  a  septum 
presents  no  major  technological  problems. 
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The  Holifield  Radioactive  Ion  Beam  Facility  (HRIBF)  is  a 
first  generation  radioactive  ion  beam  (RIB)  facility.  Project 
construction  commenced  in  FY’93  with  the  initial  emphasis 
placed  on  conversion  of  a  heavily  shielded  room  from  an 
experiment  area  to  an  area  suitable  for  housing  the  RIB 
Injector.  The  RIB  Injector  is  the  central  component  of  the 
RIB  project.  The  Injector  consists  of  two  electrically 
connected  high  voltage  platforms  which  are  designed  to 
operate  at  -300  kilovolts  and  \\iiich  are  sqiarated  by  a  shield 
wall.  One  platform  houses  controls,  instrumentation,  and  power 
supplies.  The  second  platform  houses  an  ISOLDE  type  targel/ion 
source  (TIS)  which  will  be  bombarded  with  light-ion  beams  from 
the  Oak  Ridge  Isochronous  Cyclotron  (ORIC).  Additionally,  this 
platform  houses  the  first  stage  mass  separator  system  ^\ilich  is 
designed  for  1  part  in  1000  mass  resolution,  electrostatic 
quadrupole  lenses  for  beam  transport,  and  a  cesium  charge 
exchange  cell  for  conv^sion  of  positive  ions  to  negative  ions  for 
injection  into  the  Tandem  Accelerator.  This  paper  details  the 
design  and  beam  development  aspects  of  the  RIB  Injector. 

1.  INTRODUCTION 

The  Holifield  Radioactive  Ion  Beam  Facility  (HRIBF)  is  a  first 
gaieration  radioactive  ion  beam  (RIB)  fricility  which  is  curroitly 
under  construction  [2].  The  primary  mission  of  the  HRIBF  will 
be  to  provide  RIBs  as  well  as  stable  ion  beams  for  nuclear  physics 
and  astrophysics  research  programs.  The  HRIBF  utilizes  two 
existing  accelerators,  the  Oak  Ridge  Isochronous  Cyclotron 
(ORIC)  [3]  and  the  25  MV  Tandem  Accelerator.  These 
accelerators,  along  with  the  RIB  Target  Ion  Source  (TIS)  [4],  the 
RIB  Injector,  and  a  high  resolution  mass  separator  system 
constitute  the  major  components  used  to  produce  RIBs.  Mgh- 
intensity  light-ion  beams  such  as  50  microamps  of  100  MeV 
alphas,  50  MeV  deuterons,  or  60  MeV  protons  from  the  ORIC 
will  be  transported  to  the  RIB  Injector  to  bombard  the  TIS.  The 
resulting  radioactive  atoms  will  be  ionized,  mass  analyzed, 
charge  exchanged  and  accelerated  to  ground  potential  with  a 
maximum  beam  energy  of  360  keV.  The  RIB  will  then  be 
transported  to  an  on-line  diagnostic  station  for  radioactive  ion 
species  identification  using  a  gamma  ray  tape  system  [5]  and  to  a 
high  resolution  mass  separator.  The  beam  is  then  transported  to 
the  existing  injection  line  of  the  Tandem  Accel^ator  where  it  is 
accelerated,  mass  analyzed  and  transported  to  the  experimait 
stations. 
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II.  DESIGN 

The  RIB  Injector  is  the  c^tral  component  of  the  RIB  project 
and  its  design  was  constrained  by  several  factors.  Calculations 
show  that  significant  gamma  and  neutron  radiation  will  result 
whai  the  ORIC  beam  is  stopped  in  the  TIS.  The  Injeaor 
therefore  had  to  be  located  in  a  room  which  has  radiation 
shielding  of  sufficient  thickness  to  reduce  the  prompt  radiation  to 
acceptable  levels  outside  the  room  to  minimize  personnel 
exposure.  The  Injector  had  to  be  configured  to  minimize  the 
radiation  dose  received  by  the  electronic  components  of  the 
system  such  as  power  supplies,  controls  hardware,  etc.  The 
Injector  had  to  incorporate  a  mass  analysis  system  capable  of 
providing  separation  of  adjacent  mass  units  and  for  background 
reduction.  Also,  the  Injector  had  to  be  designed  to  produce 
beams  with  energy  similar  to  those  supplied  by  the  existing  stable 
ion  injector,  nominally  200  to  300  keV,  thus  minimizing  the 
modifications  required  for  the  Tandem  Accelerator  and  providing 
efficient  beam  injection. 

A  plan  view  of  the  RIB  Injector  is  shown  in  Figure  1.  The 
Injector  is  located  in  Room  Cl  1 1,  a  heavily  shielded  room  which 
was  originally  designed  to  house  experiments  utilizing  1 
milliamp  75  MeV  ORIC  proton  beams.  The  Injector  includes 
two  high  voltage  platforms  which  are  separated  by  a  shield  wall. 
The  Instrumentation  Platform  houses  essentially  all  electronic 
equipment  to  minimize  radiation  damage.  The  300  kibvolt 
power  supply  is  mounted  to  the  ceiling  directly  above  the 
Instrumentation  Platform.  The  Source  Platform  houses  an 
ISOLDE  type  TIS  which  will  be  bombarded  by  intense  light-ion 
beams  from  the  ORIC.  Additionally,  the  Source  Platform  houses 
the  first  stage  mass  separator  system  which  is  designed  for  1  part 
in  1000  mass  resolution,  three  electrostatic  quadrupole  laises, 
beam  diagnostics  equipment,  and  a  cesium  charge  exchange  cell 
[6]  for  conversion  of  positive  ions  to  negative  ions.  The  two 
platforms  are  connected  electrically  by  two  high  voltage  conduits 
which  carry  signal  and  power  cables. 

The  Injector  is  designed  such  that  all  control  fiinctions  are 
carried  out  remotely.  Effort  was  also  made  to  provide  maximum 
status  information  to  the  operator  for  all  equipment  and  systems 
located  on  the  Injector.  The  existing  control  systems  for  the 
ORIC  and  Tandem  accelerators  are  unable  to  accommodate  the 
additional  controls  requiremaits  in  a  reasonable  manna:.  As  a 
result,  a  new  control  system  has  been  implemented  [7].  Controls 
for  the  Injector  and,  ultimately,  the  remainder  of  the  HRIBF, 
are  implemented  through  a  new  control  system  manufactured 
by  Vista  Control  Systems,  Inc.  The  controls  platform  for 
Vista  is  presently  VAXA^MS/ELN.  Operator  interface  is 
provided  via  X-terminals.  The  system  is  distributed  with  the 
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Injector  controls  being  located  on  the  Instrumentation 
Platform  and  connected  to  the  remainder  of  the  system  via 
fiber  optic  ethemet.  Specific  I/O  are  implemented  with  a 
combination  of  VME  and  Allen-Bradley  programmable  logic 
controller  modules. 

A.  Beam  Optics 


to  bias  the  RIB  Injector  due  to  beam  energy  stability 
considerations.  The  supply  has  a  ripple  and  noise  specification  of 
less  than  .004%  or  about  12.5  volts  peak  to  peak  at  300  kilovolts. 
Acceptance  tests  show  that  the  actual  ripple  and  noise  is  9  volts 
peak  to  peak. 

B.  Beam  Optics  Components 


The  Target/Ion  Source  produces  a  beam  which  is  round  and  has  The  first  stage  mass  analyzing  magnet  is  the  central  optics 
an  energy  of  up  to  ±60  keV.  The  first  optics  element  is  a  pair  of  component  of  the  RIB  Injector.  It  is  a  symmetric  split-pole 
electrostatic  quadrupole  doublets  which  focus  the  beam  to  a  double  focusing  configuration  with  a  total  bend  angle  of  151.5 
vertical  line  at  the  object  of  the  first  stage  mass  analyzing  magnet  degrees  and  a  bend  radius  of  558.8  mm.  Its  design  is  based  on  a 
with  dimensions  of  1  mm  wide  in  the  energy  plane  by  10  mm  maximum  ion  beam  rigidity  of  0.558  T-m  and  a  maximum  ME/q 
high.  A  slit  system  is  located  at  the  object  location  to  clean  up  the  ^  of  15.0,  corresponding  to  bending  a  singly  charged  50  keV  mass 
beam  prior  to  injection  into  the  analyzing  magnet.  The  beam  at  300  ion.  The  effective  field  boundaries  of  the  magnet  poles  are 
the  magnet  object  is  mass  analyzed  and  focused  to  a  vertical  line  separated  by  approximately  203  mm.  This  small  separation 
at  the  image  of  the  magnet  with  unit  magnification.  However,  coupled  with  relatively  short  image  and  object  focal  lengths  of 
the  various  mass  components  in  the  beam  are  spread  out  in  a  558  mm  results  in  a  compact  mass  analysis  systoi  which  is 
series  of  vertical  lines  allowing  adjacent  mass  units  to  be  resolved  crucial  to  the  space  limited  design  of  the  Injector, 
easily  with  a  slit  system;  the  separation  between  masses  80  and  The  quadrupoles  used  on  the  RIB  Injector  are  electrostatic 
81  is  approximately  25  mm.  A  quadrupole  triplet  focuses  the  units  of  a  new  design.  The  electrodes  are  mounted  on  a  support 
beam  from  the  image  slits  to  a  round  spot  at  the  center  of  the  tube  which  extends  through  the  cente  of  the  electrodes.  Four 
cesium  charge  exchange  cell.  The  cell  charge  exchanges  the  support  tubes  are  used  for  mounting  all  of  the  electrodes  in  a 
positive  ion  beam  into  a  negative  ion  beam.  A  quadrupole  triplet  triplet  or  quadruplet  assembly.  The  elemaits  are  mounted  on  the 
focuses  the  beam  which  emerges  from  the  cell  to  a  round  spot  at  support  rods  using  precision  ground  annular  ceramic  insulators 
the  entrance  to  the  high  voltage  platform  acceleration  tube.  The  and  the  spacing  of  the  elements  along  the  beam  axis  is  set  during 
negative  ion  beam  is  accelerated  to  ground  potaitial  at  an  energy  assembly  using  gage  blocks.  The  result  is  an  accurate  and 
high  enough  for  efficient  Tandem  injection.  Stringent  reproducible  alignment  of  the  electrodes  within  each  singlet  and 
requiremaits  were  placed  on  the  300  kilovolt  power  supply  used  fi’om  one  singlet  to  the  next.  Each  element  of  the  quadrupoles  is 


Figure  1.  The  Radioactive  Ion  Beam  Injector 
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biased  by  an  individually  controlled  5  kilovolt  power  supply. 
This  allows  the  quadrupoles  to  also  be  used  as  steerers.  A 
resistor  was  installed  on  each  electrode  to  provide  a  quick 
diagnostic  check  that  the  desired  voltage  is  actually  present.  A 
32  pole  electrostatic  element  has  been  installed  at  the  exit  of 
each  quadrupole  assembly  for  fiiture  use  as  a  steerer  and  as  a 
sextupole  and  octupole  corrector. 

B.  Beam  Diagnostics  Components 

The  majority  of  beam  diagnostics  are  installed  at  the  mass 
analyzing  magnet  object  and  image  positions.  Both  the  object 
and  image  position  have  a  beam  profile  monitor,  a  slit  system 
and  a  Faraday  cup.  Additionally,  the  image  position  has 
provision  for  a  low  intensity  diagnostic  assembly  which  is 
curroitly  being  developed  [8].  The  beam  profile  monitor 
installed  at  the  object  position  is  an  oscillating  vane  unit  which 
provides  an  x  and  y  scan  of  the  beam  intensity.  The  monitor 
installed  at  the  image  position  is  an  oscillating  pin  unit  which 
provides  a  single  axis  scan  in  the  aiergy  plane  of  the  magnet. 

Each  slit  system  has  a  series  of  fixed  apertures  mounted  on 
a  rotationally  adjustable  disk.  Each  slit  system  also  has  an 
adjustable  aperture  which  can  limit  the  vertical  size  of  the 
beam.  The  Faraday  cups  are  suppressed  units  and  are 
designed  to  fit  in  a  cjdindrical  space  of  approximately  35  mm 
diametCT  while  providing  an  entrance  aporture  of 
approximately  14  mm.  Faraday  cups  identical  to  these  are 
installed  at  the  entrance  and  exit  of  the  charge  exchange  cell. 

Additional  beam  diagnostics  provide  information  regarding 
the  ORIC  light-ion  beam.  The  first  component  is  a  4  sector 
collimator  vMch  is  used  to  determine  beam  position.  The 
beam  is  focused  to  a  waist  at  the  collimator  thus  ensuring  that 
it  is  not  focused  too  tightly  at  the  target.  Following  the 
collimator  is  a  water  cooled  Faraday  cup  which  is  used  in 
conjunction  with  a  second  water  cooled  Faraday  cup  mounted 
after  the  target  assembly  on  the  ion  source  to  determine  the 
amount  of  beam  stopped  in  the  ion  source. 

m.  OPERATIONS  AND  DEVELOPMENT 

The  installation  of  the  RIB  Injector  has  been  completed 
and  initial  operations  and  development  activities  have  begun. 
Voltage  tests  of  the  Injector  with  all  equipment  installed  were 
successfully  completed  at  -275  kilovolts.  All  of  the  optics 
elements  have  been  successfiilly  tested  with  stable  ion  beams 
and  the  operational  settings  are  in  good  agreement  with  the 
calculated  values.  The  charge  exchange  cell  has  been  tested 
and  characterized  on  the  Ion  Source  Test  Facility. 

Initial  commissioning  of  the  Injector  using  stable  ion 
beams  commenced  in  October  of  1994.  This  effort  resulted  in 
successful  transport  of  a  stable  mass  28,  20  keV,  16  nanoamp 
beam  off  the  high  voltage  platform  to  the  300  keV  diagnostic 
station.  Several  periods  of  beam  development  have  since  been 
utilized  to  study  the  operational  characteristics  of  the  Injector, 
to  improve  the  beam  transmission,  to  debug  beam  diagnostics 
and  controls,  and  to  gain  operational  experience  using  the  RIB 


Target/Ion  Source.  Recent  efforts  have  produced  a  mass 
analyzed  xenon  beam  with  6%  combined  ionization  and 
transmission  efficiency. 

Current  development  activities  are  focused  on  several 
areas.  The  Targetdon  Source  and  its  sub-systems  are  being 
radiation  hardened  where  possible.  Work  is  continuing  on  the 
control  system  to  complete  the  remote  control  interfacing  of  all 
essential  components.  Several  controls  functions  as  are  being 
added  to  aid  beam  tuning.  Operational  aids  and  help  screens 
are  being  added  as  on-line  refoences.  Ion  source  and  beam 
transmission  parameters  are  being  studied  using  a  xenon  gas 
feed  into  the  Ion  Source,  and  the  Target/Ion  Source  is  being 
prepared  to  receive  a  light-ion  beam  from  the  ORIC. 

IV.  SUMMARY 

The  RIB  Injector  at  the  Holifield  Radioactive  Ion  Beam 
Facility  has  been  completed.  Successful  operation  has  heea 
demonstrated  with  stable  ion  beams  resulting  in  beam 
transport  to  the  300  keV  diagnostic  station.  Efforts  are 
curraitly  underway  to  prepare  the  Target/Ion  Source  to  receive 
a  light  ion  beam  firom  the  ORIC  resulting  in  the  first  RIB 
production  at  the  facility. 
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There  are  six  proton  and  six  antiproton  bunches  used  at  the 
present  time  for  Tevatron  Collider  operation.  As  the 
luminosity  is  increased  for  a  fixed  number  of  bunches,  the 
number  of  interactions  per  bunch  crossing  increases.  The 
quality  of  the  physics  data  taken  by  the  CDF  and  DO  detectors 
is  enhanced  by  reducing  the  number  of  interactions  per  bunch 
crossing.  To  this  end  it  is  planned  to  collide  36  proton 
bunches  with  36  anti-proton  bunches.  To  do  this,  it  is 
necessary  to  construct  and  install  a  new  150  GeV  injection 
kicker  system  with  a  faster  rise  and  fall  time  than  the  existing 
injection  kickers.  This  paper  will  describe  the  design, 
construction  and  testing  of  the  new  kicker  magnet  along  with 
the  associated  spark  gap  pulsers,  pulse  forming  lines  and 
trigger  circuits.  Difficulties  and  our  solutions  will  also  be 
presented. 

L  INTRODUCTION 


Since  the  bunch  spacing  will  be  21  bunches  (which  translates 
into  396  nanoseconds  center  to  center)  this  requires  a  flattop  of 
at  least  1.2  microseconds.  36x36  operation  also  puts 
constraints  on  the  rise  time  and  fall  time.  The  existing  kicker 
does  not  meet  any  of  these  requirements.  In  order  to  meet  the 
fast  rise  time  and  flattop  length  requirements,  we  have  made  a 
transmission  line  magnet  pulsed  via  pulsers  that  use  spark  gap 
switches  and  RG-220  pulsed  forming  lines  (PFLs).  The 
impedance  of  the  system  is  6.25  £2.  The  overall  system  for 
one  magnet  is  shown  schematically  in  Fig  1.  The  overall 
system  will  be  composed  of  8  back  terminations,  32  PFLs,  4 
spark  gap  pulsers,  4  trigger  units  and  2  magnets.  In  addition 
there  will  be  a  controls  system  that  will  monitor  all  important 
operating  parameters  and  disable  the  high  voltage  in  case  of  a 
fault. 

IL  DESIGN  PARAMETERS 


In  order  to  place  the  injected  150  GeV  antiprotons  onto  the 
closed  orbit  in  the  Tevatron,  a  kick  of  one  milliradian  at 
location  D48  is  required.  This  has  been  accomplished  using 
two  transmission  line  magnets  coupled  to  each  other  in 
parallel  and  pulsed  using  a  thyratron  based  pulser.  The  system 
impedance  is  5  Q  and  operates  at  55  kV.  The  rise  time  for 
this  system  is  1.1  microseconds  with  a  flattop  of  500  nsec. 
The  fall  time  is  on  the  order  of  1.6  microseconds  and  there  is 
considerable  ringing  that  affects  circulating  beam.  For  present 
operations  this  waveform  is  acceptable.  However,  for  the 
upgrade  to  36  proton  bunches  colliding  with  36  antiproton 
bunches,  it  is  planned  that  for  each  injection  4  antiproton 
bunches  be  injected  thus  requiring  a  total  of  9  injection  cycles. 


The  system  design  requirements  and  magnet  design 
parameters  are  shown  in  Table  1  below: 


iBdl 

0.508  T-m 

Space  Available 

230  inches 

Horizontal  Aperture 

50.8  mm 

Vertical  Aperture 

40.6  mm 

Good  Field  (+/-  .1%)  width 

35  mm 

Field  Rise  Time 

376  nsec 

Flattop 

1207  nsec 

Field  Fall  Time 

1053  nsec 

Flattop  Stability 

±1% 

Post  Flattop  Stability 

±1%  of  full  field 

Magnetic  Length 

2.41  m 

Gap  Height 

5.72  cm 

Gap  Width 

6.50  cm 

Peak  Field 

1053  Gauss 

Characteristic  Impedance 

6.25  Q 

Measured  Magnet  Fill  Time 

344  nsec 

Number  of  Cells 

68 

Inductance  per  Half  Cell 

25.3  nH 

Capacitance  per  half  cell 

647  pF 

Table  1 


Figure  1.  D48  Kicker  Magnet  System  Schematic  Diagram 


*  Operated  by  Universities  Research  Association, 

Inc.  under  contract  with  the  U.S.  Department  of  Energy. 


The  aperture  requirements  are  determined  by  the  amount  of 
separation  of  the  two  beams,  their  emittances  and  their 
momentum  spread.  The  manufacturer  of  the  ceramic  beam 
tubes,  Coors  Ceramics,  required  the  tube  to  be  tapered,  and 
imposed  a  lower  limit  on  the  straightness  they  thought  they 
could  achieve,  thus  constraining  our  minimum  gap  width. 
The  requirements  on  the  good  field  region  account  for 
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alignment  errors,  injection  errors,  beam  size  and  magnet 
straightness.  The  rise  and  fill  times  are  such  that  the  kickers 
are  able  to  get  to  full  field  in  the  time  between  two  bunches 
which,  in  the  36  on  36  scheme,  implies  a  maximum  time  of 
21  buckets  or  376  nanoseconds.  The  flattop  length  is  set  by 
the  requirement  of  injecting  4  antiproton  bunches  which 
implies  a  flattop  time  of  1.207  microseconds.  These  two 
requirements  determine  the  minimum  length  of  our  PFLs  to  be 
1.583  micro-seconds  (which  corresponds  to  157.8  meters  of 
RG220  cable  with  a  polyethylene  dielectric).  The  fall  time  is 
dictated  by  the  requirement  that  the  field  in  the  kickers  be  less 
than  1%  of  full  field  when  circulating  protons  arrive.  The 
total  time  available  for  the  pulse  is  2.617  microseconds. 

III.  MAGNET  DESIGN 

The  overall  design  is  described  in  the  design  review  [1]. 
The  magnet  itself  is  a  ferrite  loaded  picture  frame  magnet.  In 
order  to  achieve  the  necessary  fill  time,  it  is  necessary  to 
power  the  magnet  with  two  pulses  of  opposite  polarity.  Each 
magnet  consists  of  68  cells  (136  ferrite  pieces  and  138 
capacitors),  two  6.25  Q  resistive  loads,  four  high  voltage 
probes,  and  a  100”  long  ceramic  beam  tube  with  a  high 
resistance  paste  coated  on  the  inside  for  static  charge  bleed  off. 
The  magnet  is  filled  with  a  liquid  dielectric  called  Flourinert 
FC-77.  In  order  to  avoid  problems  associated  with  magnetic 
coupling  between  the  two  halves,  a  0.005"  copper  Faraday 
shield  extends  down  the  length  of  the  magnet  on  both  top  and 
bottom.  Dollops  of  RTV  were  applied  between  the  bus  bars 
and  the  beam  tube  to  hold  the  gap  width,  crucial  to 
maintaining  the  correct  inductance. 

The  ferrite  material  used  is  CMD5005.  Its  properties  were 
tested  and  compared  with  other  ferrite  materials.  The  results  of 
these  tests  are  described  elsewhere  [2].  Since  we  have  a  tight 
tolerance  on  field  uniformity  across  the  gap,  POISSON  was 
used  to  optimize  the  shape  of  the  pole  tip.  Calculations 
indicate  the  field  in  the  midplane  is  uniform  to  within  0.05% 
over  1.4  inches.  The  ferrites  are  cross  coupled  to  each  other  in 
order  to  minimize  inductance  for  the  displacement  current  in 
the  shunt  capacitors.  Tests  indicated  that  using  a  10  Q  resistor 
in  series  with  the  cross  coupling  windings  reduced  ringing  in 
the  waveshape.  Both  horizontal  and  vertical  alignment  of  the 
ferrites  is  important  in  order  to  maintain  good  field  uniformity. 
Vertical  alignment  is  maintained  by  use  of  precision  machined 
holders.  Horizontal  alignment  is  accomplished  by  adjusting 
positioning  lugs  to  set  the  ferrites  on  each  side  to  the  same 
distance  from  the  bus  bars.  This  can  be  done  optically  or 
mechanically. 

Two  different  capacitor  designs  have  been  tested.  The 
capacitors  need  to  stand  off  35  kV  and  carry  a  peak  current  of 
650  Amps.  In  addition,  they  must  fit  in  the  space  between 
adjacent  ferrites  which  is  0.4  inches.  The  first  design  was  a  6 
layer  PC  board  with  a  glass  reinforced  polyimide  dielectric  and 
was  basically  two  capacitors  in  parallel.  The  thickness  of  the 
dielectric  is  0.090  inches.  The  high  voltage  planes  compose 
the  inner  layer  while  the  ground  planes  are  on  the  outer  layers. 
Thus,  besides  being  a  capacitor,  they  also  act  as  a  Faraday 
shield  between  ferrites.  Also,  since  the  high  voltage  planes  are 
shielded  by  the  ground  planes,  stray  capacitance  is  minimized. 
After  building  a  prototype  magnet  with  these  capacitors  we 
found  that  these  capacitors  started  failing.  The  cause  of  the 
failures  was  due  to  poor  bonding  of  the  glass  fibers  to  the 


polyimide  material.  This  problem  was  solved  by  using  a 
smaller  glass  weave  in  areas  of  high  electric  field  stress.  An 
operational  quality  magnet  made  with  capacitors  of  the  new 
design  has  had  no  faults  in  over  50,000  pulses.  There  is  no 
noticeable  voltage  coefficient  for  these  capacitors  which  means 
the  design  value  of  640  pF  is  the  value  of  the  capacitance 
desired  from  the  manufacturer.  The  major  drawback  of  these 
capacitors  is  the  high  level  of  corona  they  exhibit;  in  many  of 
these  capacitors  we  observed  corona  at  voltages  as  low  as  7.5 
kV.  The  nominal  operating  voltage  will  be  28  kV  pulsed. 
Since  there  was  a  large  range  of  capacitance  values  for  the  138 
capacitors,  we  arranged  the  capacitors  such  that  the  higher 
capacitance  was  at  the  input  end  of  the  magnet  and  the  values 
decreased  as  smoothly  as  possible  so  as  to  match  both  ends  of 
the  magnet  as  well  as  possible. 

The  second  design  uses  commercially  available  E.I.A. 
Class  I  ceramic  doorknob  capacitors.  These  capacitors  are 
mounted  on  a  copper  plate  which  attaches  to  the  bus  bar.  We 
have  found  that  there  is  a  4%  decrease  in  the  capacitance  under 
voltage.  From  pulsed  high  voltage  tests  we  have  found  the 
optimum  value  for  the  capacitance  to  be  665  pF.  The  major 
advantage  of  these  capacitors  is  that  they  are  corona  free  up  to 
40  kV  and  it  is  for  this  reason  that  they  are  the  capacitor  of 
choice  for  the  magnet.  In  either  case,  the  capacitors  have  not 
varied  in  their  value  of  capacitance  either  due  to  pulsing 
(>100,000  pulses)  or  due  to  the  liquid  dielectric. 

The  loads,  which  are  an  integral  part  of  the  magnet 
structure,  are  composed  of  eight  50  Q  resistors  in  parallel. 
Each  resistor  is  placed  in  a  cylindrical  tube  so  as  to  maintain  a 
low  inductance  design.  The  resistors  are  tubular  and  have 
corona  rings  on  both  ends  which  are  connected  to  the  resistor 
using  a  conductive  epoxy.  On-going  tests  are  looking  into 
late  life  failures  of  these  resistors.  These  failures  may  be 
related  to  an  electro-migration  effect  at  the  junction  of  the 
resistive  material  and  the  metal  corona  ring.  The  entire  load  is 
potted  in  RTV  with  a  high  dielectric  constant.  This  potting 
keeps  the  Flourinert  out  of  contact  with  the  resistors  which 
helps  to  keep  the  value  of  the  resistance  stable  and  also  adds 
capacitance  to  help  with  matching  the  magnet  to  the  load  at 
high  frequencies. 

In  order  to  monitor  the  performance  of  the  system  and  to 
make  accurate  measurements  of  the  field  quality,  voltage 
probes  have  been  installed  at  both  the  input  end  and  at  the  load 
box.  In  addition,  there  are  current  viewing  resistors  in  the 
loads.  By  taking  the  difference  between  the  input  and  output 

voltages,  one  gets  a  B  signal.  Integrating  this  gives  the  field. 
A  hybrid  transformer  assembly  mounted  to  the  magnet 

combines  input  and  output  voltage  signals  to  make  a  B  signal 
which  can  be  monitored  in  the  Main  Control  Room. 

IV.  PULSERS 

This  system  will  require  a  total  of  four  pulsers,  two 
positive  and  two  negative.  We  use  triggered  spark  gaps  instead 
of  thyratrons  as  the  series  switching  element  due  to  their 
compact  size,  low  cost  and  ability  to  transfer  high  currents  at 
high  voltages.  One  of  the  main  disadvantages  of  spark  gaps  is 
the  lower  lifetime.  This  shouldn’t  be  a  problem  since 
antiprotons  are  injected  infrequently;  we  expect  only  about 
20,000  pulses  per  year.  The  gap  chosen  is  the  Maxwell 
#40264  gap  rated  for  operation  from  25  kV  to  100  kV.  This 
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standard  unit  is  slightly  modified  in  this  system.  We  inserted 
0.060"  copper  spacers  under  each  electrode  to  reduce  the  gap 
spacing.  This  reduced  the  observed  jitter  at  typical  operating 
voltages.  Since  the  rise  time  of  the  pulse  is  determined  by  the 
electrical  properties  of  the  pulser,  a  coaxial  design  is  used  as 
much  as  possible  in  the  design  of  all  components. 
Calculations  indicate  the  pulser  inductance  is  between  80  nH 
and  120  nH.  This  is  consistent  with  the  rise  time  at  the 
output  of  the  pulser s  which  has  been  measured  at  38  ns  (0- 
95%). 

The  spark  gap  is  a  three  electrode,  irradiation  pin  type  unit. 
The  center  "midplane"  electrode,  biased  at  one-half  the 
operating  voltage,  is  triggered  by  a  thyratron  pulser.  This 
pulser  is  transformer  coupled  to  the  gap  to  reduce  the  trigger 
current  seen  in  the  magnet.  The  transformer  itself  is  high- 
voltage  hook-up  wire  wound  on  a  large  CMD5005  core.  Three 
primary  turns  and  15  secondary  turns  step  up  the  voltage  from 
the  output  of  the  thyratron  by  a  factor  of  5.  The  transformer 
secondary  is  coupled  to  the  spark  gap  by  means  of  a  capacitor 
and  two  chains  of  resistors.  The  capacitor  serves  to  block  the 
charging  voltage  to  maintain  the  bias  of  the  midplane.  The 
resistors  were  selected  experimentally  to  minimize  jitter  and 
noise  injected  into  the  magnet  from  the  trigger  system.  The 
trigger  signal  seen  by  the  spark  gap  is  on  the  order  of  50  kV, 
with  a  risetime  less  than  50  ns.  It  has  been  observed  that  the 
irradiation  pin  must  be  set  very  precisely  in  controlled 
conditions.  The  factory  setting  proved  unreliable  for  operation 
in  this  system.  Improper  setting  often  resulted  in  high 
measured  jitter,  and  eventually  complete  failure  of  the 
breakdown  process. 

The  spark  gaps  operate  with  compressed  air  as  a  dielectric. 
This  air  is  furnished  by  a  custom,  oilless  air  compressor 
system  which  meets  Maxwell’s  air  requirements.  Water  and 
contaminants  are  removed  with  a  system  of  refrigerators, 
dryers,  and  filters.  Each  spark  gap  is  operated  at  an  optimal 
pressure  to  balance  the  occurrence  of  pre-fires  and  fail-to-fires, 
while  minimizing  observed  jitter.  This  pressure  is  determined 
mathematically  after  measuring  the  self-breakdown  voltage  of 
the  spark  gaps  at  various  pressures,  and  fine-tuned  by 
observation.  After  break-in,  a  system  of  four  spark  gap 
pulsers  operating  at  55  kV  PEL  voltage  typically  has  about 
one  fault  every  10,000  pulses.  Jitter  is  typically  between  10 
and  20  ns  for  each  pulser.  The  firing  of  the  spark  gaps  is 
coordinated  by  a  4  channel  digital  delay  generator  which 
compensates  for  system  delays.  Spark  gap  lifetimes  in  this 
system  have  been  observed  to  exceed  200,000  shots  at  a  charge 
transfer  rate  of  approximately  0.007  Coulombs  per  shot. 

The  spark  gap  is  mounted  in  a  cylindrical  aluminum 
housing  which  has  been  tin  plated  for  corrosion  resistance. 
Sulfur  Hexafluoride  is  used  as  a  dielectric,  pressurized  to  12 
psia  for  operation  up  to  66  kV.  Commercially  available 
connectors[3]  are  used  to  simplify  RG-220  cable  installation. 
The  design  of  the  housing  allows  for  simple  replacement  of 
key  components  including  the  spark  gap.  Classman  75  kV, 
50  mA  supplies  charge  the  PFLs  through  3  MQ  resistors 
mounted  in  each  pulser. 


V.  RESULTS 

Results  from  the  voltage  probe  measurements  are  shown 
below. 

*  Integral  BOOT 

Negative  Side  Voltage  Probe  Measurement 


Time  fmicrosec) 


All  requirements  have  been  meet  with  the  possible  exception 
of  the  fall  time.  These  measurements  indicate  that  the  field  is 
at  1.5%  of  full  field  by  the  time  protons  arrive.  It  should  be 
pointed  out,  however,  that  many  components  involved  in  the 
measurement  have  voltage  coefficients  as  well  as  skin  effects 
which  make  this  measurement  extremely  difficult.  Ultimately, 
it  will  take  beam  tests  to  determine  if  all  requirements  have 
been  meet.  Some  research  has  been  done  using  a  spark  gap  to 
clip  the  tail  of  the  pulse  caused  by  the  high  frequency  response 
of  the  PFLs.  The  results  are  inconclusive,  and  such  a  tail  biter 
will  not  be  incorporated  into  the  system  initially. 
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Abstract 

A  beam-abort  dump  for  the  Fermilab  Main  Injector  to  handle 
3E13  protons  per  pulse  at  150  GeV  has  been  designed.  A  120 
GeV  beam  line  goes  through  the  beam-dump  off-set  by  27cm 
from  its  center.  The  design  and  the  environmental  safety  aspects 
of  the  beam-dump  are  described  here. 

L  Introduction 

A  beam-abort  dun^  or  beam  stop  is  an  important  part  of  a 
high  energy  accelerator.  In  an  accidental  condition  the  beam 
must  be  automatically  deflected  on  to  a  dump  to  avoid  any  dam¬ 
age  to  the  accelerator  con^onents.  Even  during  routine  accel¬ 
erator  studies  low  intensity  beam  gets  frequently  aborted.  In 
any  of  these  cases,  the  beam-dump  should  be  able  to  handle  the 
aborted  beam.  Also,  the  area  around  it  should  have  enough  ra¬ 
diation  and  environmental  protection. 

Fermilab  Main  Injector  (FMI)  is  a  8-150GeV  proton  syn¬ 
chrotron  that  is  being  built  as  a  high  intensity  injector  to  the 
Tevatron.  The  Main  Injector  beam-dump  is  to  be  built  near  the 
MI40  straight  section  and  has  the  base  elevation  of  214.27  m 
(703ft).  It  is  planned  to  be  a  water-cooled  dump.  The  maxi¬ 
mum  number  of  protons  per  machine  cycle  on  the  beam-dump 
exceeds  3E13@150  GeV.  Since  this  beam-dump  will  be  much 
closer  to  the  aquifer  than  any  existing  beam-dumps  in  the  Fer¬ 
milab  accelerator  complex,  it  is  extremely  important  that  the  de¬ 
sign  minimize  the  soil  activation  and  reduce  the  ground  water 
contamination. 

To  establish  As  Low  As  Reasonably  Achievable  (ALARA) 
radiation  exposure  to  Fermilab  workers  and  visitors  a  num¬ 
ber  of  guidelines  have  been  worked  out  and  they  are  stated 
in  FERMILAB  RADIOLOGICAL  CONTROL  MANUAL.  Ac¬ 
cording  this,  the  on-site  and  off-site  radiation  level  should  be 
less  than  0.025  mrem/hr  and  10  mrem/year  respectively.  The 
allowed  ground  water  radioactive  contamination  should  be  less 
than  20pCi/ml-year.  Also,  the  policy  of  Fermilab  is,  not  to  ac¬ 
celerate  beams  for  which  there  is  not  a  user.  Aborting  the  maxi¬ 
mum  number  of  protons  per  hour,  while  not  strictly  an  accident 
condition,  is  a  violation  of  that  policy. 

II.  Design 

We  started  out  with  the  design  of  the  presently  existing  beam- 
dump[l]  in  the  Tevatron  (near  the  CO  straight  section)  and  ar¬ 
rived  at  an  optimized  design  for  the  MI  beam-dump.  However, 
unlike  the  buried  CO  Tevatron  beam-dump,  the  FMI  beam-dump 
will  be  placed  in  an  accessible  enclosure.  The  optimization  has 
been  carried  out  using  the  Monte  Carlo  code  CASIM[2].  The 
total  radiation  dose  above  the  berm  of  the  beam-dump  which  is 
at  an  elevation  of  227.38  m  (746  ft)  and  the  total  number  of  stars 

*  Operated  by  the  Universities  Research  Association,  under  contracts  with  the 
U.S.  Department  of  Energy 
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in  the  soil  is  designed  to  be  at  least  a  factor  of  two  below  the  ac¬ 
ceptable  limit.  To  have  the  ability  for  easy  access,  a  1.1  m  wide 
walking  space  will  be  allowed  around  the  beam-dump.  The  de¬ 
sign  of  the  beam-dump  is  shown  in  Fig.l.  Provision  has  also 
been  made  for  a  7.62  cm  beam  pipe  through  the  iron  core  of  the 
beam-dump  for  future  extracted  beam.  The  core  of  the  beam- 
dump  will  be  of  high  melting  point  graphite  embedded  in  a  2.74 
m  aluminum  box.  This  box  will  be  cooled  by  40^ C  low  con¬ 
ductivity  water  (LCW).  In  front  of  the  aluminum  box  concrete 
bricks  will  be  hand  stacked.  The  aluminum  box  is  surrounded 
by  layers  of  0.84  m  thick  steel  and  1 . 1  m  thick  concrete.  The  to¬ 
tal  length  of  the  beam-dump  will  be  10.7  m.  The  LCW  cooling 
system  will  be  installed  behind  the  beam-dump  in  the  available 
space. 

The  transverse  emittance  of  the  beam[3]  in  the  Main  Injec¬ 
tor  is  expected  to  be  127r  or  larger.  The  horizontal  and  vertical 
/3-functions  at  the  surface  of  the  graphite  core  is  225  m.  This 
makes  the  minimum  beam  spot  size  on  the  beam-dump  about 
0.15  cm.  The  instantaneous  maximum  temperature  rise  in  the 
core  within  the  area  occupied  by  the  beam  due  to  the  interac¬ 
tion  of  3E13  protons  at  150GeV  is  about  lOO^'C.  This  beam  will 
deposit  about  330  kW  of  power  in  the  beam-dump.  Out  of  that 
about  55%  of  the  energy  (i.e.  200  kW)  will  be  deposited  in  the 
graphite  and  aluminum  core  box  alone.  Hence  we  have  planned 
to  have  an  LCW  cooling  system  which  is  capable  of  extracting 
at  least  300  kW. 

III.  Estimation  of  Radiation  Level 

The  radioactivity  in  and  around  a  beam-dump  can  be  catego¬ 
rized  into  two  classes.  The  first  one  is  for  the  beam  on  condi¬ 
tions  (prompt  radiation),  i.e,,  the  instantaneous  electromagnetic 
and  hadronic  showers  developed  due  to  interactions  of  the  high 
energy  particles  with  the  beam-dump.  The  second  arises  from 
the  residual  radioactivity  of  the  dump.  Both  of  these  are  de¬ 
pendent  upon  the  total  number  of  primary  protons  aborted  and 
the  beam  energy.  The  average  number  of  protons  to  be  aborted 
on  the  FMI  beam-dump  per  year  under  normal  operating  condi- 
tions[4]  is  about  3.26E18  @150  GeV.  The  maximum  number  of 
protons  continuously  aborted  in  any  one  incident  is  estimated  to 
be  6.0E16  @150  GeV  per  hour. 

A.  Prompt  Radiation 

The  prompt  radiation  dose  is  calculated  using  the  number  of 
“stars”  (interaction  points)  produced  in  a  unit  volume  per  inci¬ 
dent  particle.  With  a  soil  equivalent  shielding  thickness  between 
the  FMI  beam-dump  and  the  berm  of  about  9.75  m,  the  low  en¬ 
ergy  neutrons  and  muons  are  the  main  contributors  to  the  radia¬ 
tion  dose  at  the  surface  level.  Here,  these  two  contributions  have 
been  evaluated  in  separate  sets  of  Monte  Carlo  calculations.  Fig¬ 
ure  2  displays  isodose  contours  obtained  using  CASIM.  The  re¬ 
sults  for  muons  are  displayed  in  Fig.  3  along  with  a  sectional 
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Table  I 

Dose  due  to  prompt  radiation  around  FMI  beam-dump  and 
ground  water  activity. 


Concern 

Radiation  dose 

Neutrons : 

Max.  Rad.  Dose 

l.lE-5(mrem/hr) 

(Allowed  dose 

(For  N.O.) 

Unlimited  Ocep. 

Limit.=0.025  mrem/hr 

1 .2E-3  (mrem/acc.) 

for  N.O.  and 

(Maximum  Beam 

1  mrem/accident 

Abort) 

Muons : 

On-site 

5.4E-5(mrem/hr) 

(Allowed  dose 

(For  N.O.) 

Unlimited  Ocep. 

Limit=0.025  mrem/hr 

6.0E-3(mrem/acc.) 

for  N.O.  and 

(Maximum  beam 

1  mrem/accident 

Abort) 

Off-site  muons 

Annual  Limit= 

<3.2E-5(mrem/y) 

10  mrem/y 

Ground  Water : 

Annual 

2.12pCi/ml-y 

Activation 

22Na0.07pCi/ml-y(A) 

(Annual  Limit 

20pCi/ml-yof3H 

O.OlpCi/ml-y 

0.4  pCi/ml-y  of  ^^Na) 

22Na0.148pCi/ml-y(B) 

(A)  Single  Resident  Well  Model  (B)  Concentration  Model 

view  of  earth  in  the  downstream  of  the  beam-dump.  Using 
these  results,  the  expected  radiation  dose  for  normal  and  maxi¬ 
mal  beam  loss  conditions  have  been  evaluated.  The  results  are 
listed  in  Table  I  along  with  the  standards  adopted  at  Fermilab. 

Radioactive  contamination  of  the  ground  water  is  one  of  the 
major  considerations  in  designing  a  beam-dump.  The  aquifer 
around  FMI  is  only  about  4.88  m  below  the  FMI  beam-dump. 
Of  all  the  radioactive  nuclei  produced  in  the  spallation  reactions 
the  greatest  hazards  in  ground  water  are  from  and  ^^Na.  The 
EPA-allowed  limits  for  these  nuclides  in  ground  water  are  listed 
in  Table  L  There  are  two  methods  to  determine  the  increase  in 
the  concentrations  of  these  nuclides  in  the  aquifer  viz.,  A)  the 
single  resident  well  model  and  B)the  concentration  model [5] 
(which  was  developed  very  recently  and  is  more  suitable  for  an 
accelerator  complex  like  Fermilab).  The  first  one  depends  upon 
the  total  amount  of  stars  in  the  soil  and  the  second  method  uses 
the  maximum  star  density  in  the  soil  near  the  base  of  the  beam- 
dump.  The  results  obtained  from  these  two  models  are  displayed 
in  Table  I.  We  find  that  they  are  at  least  a  factor  of  two  below  the 
allowed  limits. 

B.  Induced  Radioactivity  in  the  Beam-dump 

As  a  result  of  hadronic  showers  developed  in  the  beam-dump 
a  variety  of  short  and  long  lived  radioactive  nuclides  will  be 
produced.  These  give  rise  to  residual  radioactivity.  Here  we 
use  the  method  suggested  by  Barbier[6]  to  estimate  it. 


Table  H 

Residual  radioactivity  for  MI  Beam-Dump  at  contact.  T*  = 
irradiation  time  in  days  (d).  Tc  =  cooling  time. 


Description 

Dose  on  Contact  (rad/hr) 

T,=360d 

Te=ld(7d) 

T,=30d 

To=ld(7d) 

Carbon 

Front 

Back 

10(10) 

10  (10) 

Al.  Box 

Top  Front 

Top  Back 

0.4  ( 0.4) 
0.4  ( 0.4) 

Iron 

Front 

Middle  Top 
Back 

0.2(0.1  ) 

0.02  (0.02) 
<4E-3  (<lE-3) 

0.1  (0.07) 
0.01(0.007 ) 
<2E-3  (<lE-3  ) 

Concrete 

(Max) 

Concrete  Wall 
(Max) 

<2E-3  (<4E-4) 

<8E-4  (<2E-4) 

<2E-3  (<4E-4) 

<8E-4  (<2E-4) 

The  radiation  dose  D  is  given  by, 

D{rad/hr)  =  Q/47r  x  ^  x  d 

where  ^  is  the  hadron  flux  (which  related  to  the  star  density 
and  the  incident  proton  flux).  For  dose  measurements  at  con¬ 
tact,  fi/47r  =  0.5.  d  is  referred  to  as  the  danger  parameter  which 
depends  upon  the  material  which  is  being  irradiated,  the  dura¬ 
tion  of  irradiation,  T,*,  the  production  cross  section  for  various 
radioactive  spallation  products  and  the  cooling  time,  Tc,  of  the 
target.  For  FMI  beam-dump,  the  danger  parameters  are  taken 
from  Ref.6.  Tlie  results  of  calculations  have  been  listed  in  Ta¬ 
ble  II. 

IV.  Summary 

A  beam-dump  suitable  for  the  Fermilab  Main  Injector  that 
can  handle  3E13p/pulse  has  been  designed  and  is  presently  un¬ 
der  construction.  We  have  allowed  for  a  beam  line  to  go  through 
the  iron  core  without  affecting  the  radiation  level  at  the  berm. 
There  is  enough  clearance  around  the  beam-dump  for  easy  ac¬ 
cess  and  maintenance.  We  estimated  that  the  prompt  radiation 
dose  level  and  the  ground  water  contamination  level  is  at  least  a 
factor  of  two  less  than  the  prescribed  limits  in  FERMILAB  RA¬ 
DIOLOGICAL  CONTROL  MANUAL.  The  residual  radioactiv¬ 
ity  around  the  beam-dump  will  be  less  than  2  mr/hour  after  one 
day  of  cooling. 

The  authors  would  like  to  acknowledge  Dr.  A.  Van  Ginneken 
and  Dr.  N.  V.  Mokhov  for  useful  discussions. 


REFERENCES 

[1]  A.  Van  Ginneken  CASIM  Fenmlab-FN272(1975),  MUSIM 
Fennilab-FN594(1992). 

[2]  TC.  Murphy  et  al,  Fermilab  TMl  196  (1983). 

[3]  Fermilab  Main  Injector  Technical  Design  Handbook  (1994). 


1904 


Figure.  1.  Longitudinal  section  of  FMI  beam-dump. 
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ISODOSE  CONTOURS  DUE  TO  HADRONS  IN  THE  Ml  BEAM  DUMP 


(VERTICAL  PLANE) 


Figure.  2.  Iso-dose  contours  for  ISOGeV  proton  beam  aborted 
on  FMI  beam-dump. 


DISTANCE  Z  (M) 


Figure.  3.  The  muon  dose  in  the  vicinity  of  FMI  beam-dump 
for  ISOGeV  proton  beam  abort. 
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STUDY  ON  THE  METALLIC  COATING  OF  THE  CERAMIC  CHAMBER  FOR  THE 

ATE  DAMPING  RING  KICKER  MAGNETS 

N.  Terunuma,  H.  Nakayama  and  J.  Urakawa 
KEK,  National  Laboratory  for  High  Energy  Physics,  Oho  1-1  Tsukuba,  Ibaraki,  JAPAN 


A  ceramic  chamber  in  the  kicker  magnet  is  used  to 
penetrate  the  fast-changing  magnetic  field  into  the  beam  pipe. 
On  the  other  hand,  the  metallic  coating  inside  the  ceramic 
chamber  is  important  to  pass  the  image  currents  of  the  beam. 
For  the  ATF  Damping  Ring,  it  is  planed  to  study  the  multi- 
bunch-beam  operation.  The  requested  rise  time  of  the  kicker 
field  is  less  than  60  nsec. 

Studies  to  get  a  suitable  metallic  coatings  inside  a  long- 
and-narrow  ceramic  chamber  have  been  performed  and 
continued.  Tests  of  the  sub-micron-thickness  coating  were 
carried  out  as  the  first  stage  of  our  studies. 

1.  INTRODUCTION 

The  construction  of  the  1.54  GeV  damping  ring  in  KEK 
Accelerator  Test  Facility  (ATF)  is  in  progress.  The  purpose  of 
the  ring  is  to  study  the  multi-bunch-beam  operation  with  a  low 
emittance  to  realize  the  future  linear  collider.  Under  such 
operation,  up  to  five-bunch  trains,  each  of  which  contains  up 
to  60  bunches,  circulate  in  the  ring.  The  repetition  rate  of  the 
injection  is  25  Hz.  The  kicker  magnets  are  designed  to  operate 
with  60  nsec  field  rise  time  and  with  4.6  mrad  kick  angle  [1,2]. 

Ceramic  chambers  in  kickers  are  used  to  avoid  the 
shielding  of  a  fast-changing  magnetic  field  by  a  metallic  beam 
pipe.  On  the  other  hand,  a  thin  conductive  coating  must  be 
provided  on  the  inside  of  the  chamber  to  carry  the  image 
currents  of  the  beam  and  to  avoid  electrical  discontinuities  of 
the  chamber  wall.  It  is  an  important  point  for  the  ATF 
damping  ring;  the  vacuum  system  is  designed  to  achieve  low- 
impedance  chambers.  However,  this  coating  again  has  a 
shielding  effect  of  the  kicker  field. 

Therefore,  the  metallic  coating  should  be  optimized 
concerning  the  effects  that  related  to  the  fast-changing  kicker 
field  and  that  related  to  the  beam;  that  is  the  effects  due  to  the 
image  currents  and  the  eddy  currents. 

IL  CERAMIC  CHAMBERS 

The  aperture  for  the  ceramic  chamber  in  the  kicker 
magnets  is  long  and  narrow.  The  cross  sectional  view  of  the 
proposed  ceramic  chamber  is  shown  in  Figure  1.  The  length  of 
the  alumina  ceramics  is  500  mm  long  to  avoid  the  electrical 
breakdown  between  the  40  kV  conductor  and  the  metallic 
joints  brazed  to  the  ceramic  pipe. 

Type-A  is  a  circular  one  for  injection  kicker.  Type-B  is  a 
racetrack  shape  for  extraction  kicker,  extended  to  the  outer 


side  of  the  ring,  is  designed  to  protect  the  ceramic  chamber 
from  the  unwanted  synchrotron  irradiation.  Such  irradiation 
will  warp  the  brazing  part  of  a  ceramics  and  a  metallic  joint, 
and  finally  it  will  break  the  vacuum.  The  shielding  of  a  kicker 
field  due  to  the  eddy  current  would  be  large  for  type-B.The 
radius  of  the  beam  pipe  is  5  mm.  If  the  load  of  SR  is 
acceptably  small,  type-A  is  adopted  for  the  extraction  kicker. 

METALLIC  CERAMICS 


Figure  1 :  Proposed  cross  section  of  the  ceramic  chamber. 


A.  Required  surface  resistivity 


Method  of  a  metallic  coating  by  longitudinal  strips  is 
applied  for  recent  accelerators  [3,4].  For  the  ATF,  it  is  planned 
to  use  a  continuous  coating,  because  the  forming  method  of 
strips  in  the  circular  area  is  seems  to  be  very  difficult  for  the 
long  and  narrow  ceramic  chamber.  For  the  continuous  case, 
the  surface  resistivity  of  a  coating  is  evaluated  concerning  the 
effect  of  the  eddy  currents  and  that  of  the  image  currents  [5,6]. 

The  heating  due  to  the  ohmic  loss  of  the  image  currents 
favors  a  low  surface  resistivity.  The  dissipated  power  density 
Pi  in  the  coating  is  given  by 


Pi(Wlcm^)  = 


Nq^c^ 


R.. 


2^fn<Jz(2mf  Co 


where  N  is  the  bunch  number,  q  is  the  charge  in  a  bunch,  c  is 
the  velocity  of  light,  Gz  is  a  bunch  length,  Cr  is  a 
circumference  and  Rsq  is  the  surface  resistivity.  For  our  case, 
it  is  simplified  to  3.SRsq 

On  the  other  hand,  the  heating  due  to  the  eddy  currents 
favors  a  high  resistivity.  In  this  case,  the  dissipated  power 
density  is 

Pe(W/  cm^ )  =  2B^F10‘'7t  R,^ , 
where  F  is  a  repetition  rate  and  t  is  the  rise  time  of  the  kicker 
field  For  our  case,  the  maximum  power  density  becomes 
0.  yRsq  • 

The  total  power  dissipated  in  the  coating  is  shown  in 
Figure  2  as  a  function  of  the  surface  resistivity.  For  the  left- 
hand  side  of  the  minimum,  0.16  ohms/square,  it  shows  the 
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rapid  increase  due  to  the  eddy  currents.  On  the  other  hand, 
right-hand  part  shows  the  steady  increase  and  it  is  suitable  for 
the  handling  of  the  coating  resistivity. 


Figure  2:  Dissipated  power  in  the  coating  as  a  function  of  the 
surface  resistivity.  Solid  line  shows  the  sum  from  image 
currents  (dot-dashed)  and  the  eddy  currents  (dots). 

The  penetration  time  of  the  kicker  field  is  a  function  of 
the  surface  resistivity.  For  a  circular  chamber  with  a  radius 
a(cm),  the  time  constant  due  to  the  eddy  currents  is  InaJRsq 
nsec.  Figure  3  shows  the  penetration  pattern  of  the  kicker  field 
where  the  rise  time  of  the  external  kicker  field  is  assumed  to 
be  50  nsec.  The  acceptable  one  is  greater  than  1  ohms/square 
for  the  multi-bunch-beam  operation. 

If  the  surface  resistivity  of  the  metallic  coating  is  1 
ohms/square,  the  total  dissipated  power  becomes  300  watts. 
This  power  must  be  removed  by  a  forced  air  cooling. 


Time  (nsec) 

Figure  3:  Penetration  patterns  of  the  kicker  field  evaluated 
with  various  surface  resistivity  (ohms/square)  of  0.2(dots), 
0.5(dot-dashed),  1 .0(wide-solid)  and  2.0(solid). 


III.  TEST  OF  THE  METALLIC  COATING 


There  are  some  formation  methods  of  a  thin  film  such  as 
an  evaporation  and  a  chemical  vapor  deposition  (CVD).  The 
evaporation  by  a  metal  wire  seems  to  be  realistic  for  our 
chamber.  While  it  need  more  time  for  R  &  D,  because  we 
have  no  experience  to  do  it.  As  a  first  stage  of  studies,  we 
decided  to  check  the  condition  of  a  coated  material  by  using 
TiN  which  was  a  well-known  material  of  a  coating  on  the 
ceramics  and  was  easily  obtained.  The  method  is  a  thermal 
CVD. 

Tests  of  the  TiN  coated  on  ceramic  plates  were  performed 
by  changing  the  coating  thickness.  If  we  use  the  TiN  as  a 
coating  material,  the  thickness  should  be  0.2  micron. 


100 
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TiN  thickness  (micron) 


Figure  4:  Surface  resistivity  (black)  and  specific  resistivity 
(white)  for  TiN  samples.  Surfaces  of  ceramic  plates  were  not 
polished. 


Figure  4  shows  the  variation  of  the  surface  resistivity  and 
the  specific  resistivity.  The  surface  resistivity  increases  with  a 
decrease  of  the  thickness  and  steeply  increases  below  one 
micron.  These  results  are  due  to  a  difference  of  a  uniformity  of 
TiN  film.  After  a  sintering  of  a  ceramic  pipe  formed  by 
alumina  powders,  grains  of  the  ceramics  grow  a  few  microns 
in  size.  Thus,  the  coating  below  one  micron  has  a  tendency  to 
finish  under  insufficient  formation.  Figure  5  illustrates  the 
close  up  view  of  such  TiN  sample,  0.3  [im. 

On  the  other  hand,  to  make  a  comparative  study,  same 
measurements  were  carried  out  for  samples  which  surfaces 
were  polished.  The  condition  of  a  coating  was  uniform  even  if 
its  thickness  is  0.2  |im,  see  Figure  6. 

The  polishing  of  the  ceramic  surface  is  very  difficult 
because  of  the  long-and-narrow-kicker  chamber.  Further,  it  is 
difficult  to  handle  the  thickness  of  the  sub-micron  coating. 
Therefore,  the  TiN  coating  will  not  be  adopted  to  our  ceramic 
chamber. 


If  a  coating  material  has  a  specific  resistivity  p(Qcm)  and 
thickness  d(cm),  the  surface  resistivity  is  given  by  p/d. 
Materials  which  have  a  bigger  p  and  a  smaller  d  is  better  for 
the  coating. 
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Figure  5:  Cross  section  of  the  surface.  The  thickness  of  the 
TiN  is  0,3  |im  and  the  base  ceramics  is  not  polished. 


Figure  6:  Cross  section  of  the  surface.  The  thickness  of  the 
TiN  is  0.2  |im  and  the  base  ceramics  is  polished. 
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IV.  CONCLUSIONS 

To  form  a  suitable  metallic  coating  on  the  inside  of  the 
ceramic  chamber,  the  thickness  of  the  coating  is  needed  to  be 
more  than  one  micron;  the  material  must  have  higher  specific 
resistivity  more  than  100  |X^2cm. 

There  are  some  materials  which  specific  resistivity  is 
more  than  100  |iQcm.  Most  of  them  are  ferro-magnetic 
metals,  thus  effects  due  to  the  skin  depth  must  be  considered. 
Moreover,  methods  that  make  a  small  surface  roughness  of  a 
ceramic  pipe  should  be  studied. 

The  injection  and  extraction  system  of  the  damping  ring, 
including  ceramic  chambers,  is  planning  to  install  in  the  fall  of 
1996. 
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Prospect  of  the  fast  extraction  from  KEK-PS  for 
the  long  base  line  neutrino  experiment 
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National  Laboratory  for  High  Energy  Physics,  Tsukuba-shi,  305  Japan 


Single  turn  extraction  from  KEK-PS  and 
beam  intensity  upgrade  has  been  investigated.  Big 
motivation  is  the  long  base  line  experiment  with 
neutrino  beam.  In  this  presentation,  new  fast 
extraction  system  which  has  been  under 
consideration  will  be  described. 


I.  Motivation 

To  meet  the  need  of  new  physics  research, 
there  are  several  objectives  for  the  PS  upgrade,  such 
as,  to  increase  the  proton  intensity  in  the  main  ring, 
to  accelerate  the  various  ions  and  then  the 
multifunctional  operation  of  PS.  Especially,  an 
intensity  upgrade  is  coming  to  the  urgent  problem 
for  the  Long  Baseline  Neutrino  Oscillation 
experiment.  [1]  This  means  the  fast  extracted  high 
intensity  beam  creates  the  high  current  neutrino 
beam  and  the  neutrino  beam  will  be  injected  to 
Super-Kamiokande  which  is  about  250km  west 

from  KEK.  Present  nominal  intensity  is  4  xlO^^ppp 
for  4  sec  main  ring  operation  cycle,  but  Ae 
requested  intensity  is  five  times  of  the  present 
intensity/operation  cycle  for  500  events  per  year. 

n.  Feasibility  cf  the  fast  extraction  using  slow 
extraction  equipments 

The  fast  extraction  system  of  the  KEK 
proton  synchrotron  had  been  operated  untU  July 
1981  for  the  bubble  chamber  experiments  and  these 


were  situated  in  EPl  beam  line,  [2], [3]  which  is 
used  for  the  second  slow  extraction  at  this 
present. [4], [5], [6]  A  circulating  beam  orbit  is 
locally  deformed  outward  by  the  electrostatic  septum 
inflector  (ESS)  situated  in  the  straight  section  of  II- 
IF  and  by  the  magnetic  septa  (C,D,E)  situated  in  the 
straight  section  of  II-2F.  A  set  of  four  bump 
ma^ets  located  in  I-7F,  I-7D,  II-3F  and  n-3D  is 
excited  with  15ms  wide  half  sine  pulse  currents  to 
adjust  the  maximum  bump  orbit  displacement, 
comes  close  to  the  ESS  wire  plane.  A  pair  of  fast 
bump  magnets,  are  located  inI-7F  and  II-5D,  are 

excited  with  20iis  wide  half  sine  pulse  currents  to 

displace  across  the  5C|J.  thick  tungsten  wire  of  ESS 
and  a  fraction  of  circulating  beam  were  inflected  into 
the  aperture  of  the  magnetic  septa.  These  were  the 
shaving  extraction  but  new  fast  extraction  must 
extract  an  entire  beam  at  once. 

Distribution  of  the  bump  magnet  for  slow 
extraction  system  is  almost  the  same  as  old  fast 
extraction  system  as  shown  in  Figure  1.  If  the  rise 

time  of  fast  bump  magnets  is  lOQps,  magnets  can  be 
made  by  thin  steel  without  using  ferrite. 

Unfortunately,  there  are  no  space  in  the  ring 
to  set  the  powerful  lacker  magnet  to  move  the  entire 
beam  toward  the  septum  magnets.  Then, 
sophisticated  method  has  been  considered  using 
distributed  several  small  kicker  magnets. 
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Figure  1  Layout  of  present  slow  extraction  system  for  EPl  beam  line. 
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Table  I  Specification  of  Kicker  Magnets 


Position  (mr) 

I-2F 

I-5D 

I-6F 

I-7D 

ESS 

Request  Idck  angle  (mm) 

-3.0 

-1.0 

-0.3 

0.5 

0.5 

Gap  width  (mm) 

80 

75 

120 

65 

65 

Gap  height  (mm) 

55 

55 

55 

55 

55 

Number 

2 

1 

1 

1 

1 

Total  length  (m) 

2.4 

1.3 

0.9 

0.56 

0.3 

Total  kick  angle  (mm)  3 . 0 

2.73 

0.9 

3.21 

1.62 

Type 

W-frame 

W-frame 

W-frame 

W-frame 

Ctype 

One  of  solutions  is  that  two  kicker  magnets  are 
situated  in  I-2F  and  four  kicker  magnets  are  situated 
in  I-5D,  I-6F,  I-7D  and  one  kicker  is  situated  at  ESS 
position.  Last  one  is  a  C-type  magnet  and  set  on  the 
opposite  side  of  ESS  as  face  to  fece.  Others  are  aU 
window  frame  type  magnet.  Specification  of  these 
kicker  magnets  are  shown  in  Table  1.  The  field 
quahty  of  a  test  magnet  has  been  reported  to  be 
satisfactory.  Construction  of  the  prototype,  but  full 
scale  magnet,  will  be  started  soon.  Figure  2  shows 
a  beam  excursion  by  these  kicker  and  conventional 
bump  magnets.  This  solution  is  still  not  optimized 
one  and  has  some  problems.  One  problem  is  that 
these  orbit  excursion  causes  a  possibility  of 
significant  beam  loss.  A  beam  profile  measurernent 
suggests  we  can  take  enough  aperture  of  kicker 
magnets  to  avoid  the  beam  loss  even  if  the  kickers 
have  to  be  made  as  compact  as  possible.  However, 
there  is  a  touch  of  uneasiness  in  that  the  beam 
profile  will  become  larger  when  high  intensity  beam 
circulate,  so  we  should  know  how  much  margin  of 
this  aperture  we  should  take.  Study  to  make  clear 
the  ring  aperture  is  under  going. 

There  is  still  another  severe  problem  in  this 
schema.  As  shown  in  Figure  2,  an  orbit  excursion  is 
very  large  at  a  position  of  II-2F  such  as  llOnun. 
Good  field  region  of  the  main  ring  qudrupole 
magnets  is  about  70mm  so  the  extracted  beam  must 
pass  through  the  strong  non  linear  field  region.  This 
effect  causes  the  deformation  of  extracted  beam 
emittance.  In  order  to  avoid  this  problem,  four 
quadrupole  magnets  at  2F  section  at  each  super 
period  should  replaced  to  large  aperture  magnet. 
This  causes  an  increase  of  load  for  a  magnet  power 
supply  so  a  new  isolated  power  supply  which  must 
be  excited  by  tracking  to  lattice  magnet  current,  has 
to  be  needed. 

As  mentioned  above,  there  is  a  feasibility  of 
fast  extraction  using  the  slow  extraction  system, 
however  the  significant  device  replacement  and 
construction  should  be  necessary. 

III.  Discussion 

If  the  EPl  line  will  be  able  to  use  exclusively 
for  fast  extraction  operation  during  neutrino 


experiment,  there  is  a  possibility  of  rather  simple 
method.  ESS  as  shown  in  Figure  1  will  be  replaced 
by  strong  kicker  magnets,  which  move  the  entire 
beam  toward  the  septum  magnets.  This  schema  will 
save  a  complex  be^  excursion,  however  the  need 
for  large  aperture  magnet  is  still  remain  and  is  not 
considered  in  detail  yet. 

Which  method  we  will  adopt,  the  time  space 
between  the  beam  bunches  of  30ns  is  too  short  for 
the  rise  time  of  fast  kicker  magnet.  PS  is  operating 
nine  RF  harmonic  number,  then  if  one  bunch  is 
taken  out  to  obtain  the  time  space  for  rise  time  of 
kicker  magnet.  It  makes  sufficient  of  155ns  time 
space  as  shown  in  Figure  3.  However,  this  means 
the  number  of  circulating  beam  bunches  decreases  to 
eight  so  the  beam  intensity  is  reduced  to  eight  ninth. 

Further  detailed  study  and  design  works 
have  to  be  continued  in  hurry  and  vigorously. 

Propagation  time  through  kicker  magnet 
Fast  brain  intensity 
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One  bunch  is  taken  out  to  obtain  the  kicker  rise  time ! 

So,  the  number  of  circulating  bunches  is  from  9  to  8. 

Figure  2  Kicker  Rise  time  and  Bunch  Spacing. 
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A  helium  beam  has  been  successfully  accelerated  in  the 
KEK  12  GeV  Proton  Synchrotron  up  to  23  GeV  of  the 
limiting  energy  of  the  main  ring.  The  first  physics 
experiment  with  a  helium  beam  was  carried  out  in  April, 
1994.  Although  a  charge  exchange  injection  of  negative 
hydrogen  ions  has  been  used  in  the  booster  synchrotron,  it 
cannot  be  applied  to  the  injection  of  positive  ions,  such  as 
helium  ions.  A  newly  developed  injection  system  realized 
alternative  use  of  both  negative  and  positive  ion  injection 
schemes. 

1.  INTRODUCTION 

The  acceleration  of  heavy  ion  beams  in  the  KEK-PS 
was  discussed  more  than  about  10  years  ago.  Recently,  as 
one  possible  candidate  among  the  future  plans  for  the  KEK 
PS,  the  PS-Collider  was  proposed  [1].  This  report  proposed 
easier  acceleration  scheme  for  heavy  ions  with  a  Q/A  of  0.5 
in  the  KEK  PS  than  one  discussed  before.  Modifications  of 
the  KEK  PS  aimed  at  deuteron  beam  acceleration  have  been 
performed.  On  Jan.  31,  in  1992,  deuteron  beam  was 
successfully  accelerated  up  to  the  limiting  energy  of  the 
ring.  The  first  physics  experiment  using  a  deuteron  beam 
was  carried  out  in  April,  1992.  [2] 

The  charge  exchange  injection  scheme  has  been  used  to 
inject  proton  and  deuteron  beams  into  the  booster 
synchrotron.  This  scheme,  however,  cannot  be  applied  to 
positive  ions,  such  as  helium  ions.  Therefore,  a 
conventional  multi-turn  injection  scheme  must  take  the 
place  of  the  charge  exchange  scheme.  There  is  no  space  for 
another  injection  system  because  of  the  booster  designed 
well-compact.  To  replace  the  injection  devices  every 
operation  cycle  is  not  practical.  To  avoid  this,  a  certain 
technical  break-through  is  indispensable.  A  new  injection 
system  has  been  developed  to  realize  both  negative  and 
positive  ion  injection.  With  this  system,  in  April,  1994,  a 
helium  beam  was  successfully  accelerated,  and  a  physics 
experiment  has  been  carried  out.  Also,  a  high  intensity 
proton  beam  has  been  acclerated  by  using  this  system  until 
now. 

This  new  injection  system  has  opened  new  uses  of  the 
KEK  PS,  i.e.  from  high  intensity  proton  beam  acceleration 
to  high  energy  heavy  ion  beam  acceleration  .  The  principle 
of  the  newly  developed  positive/negative  ion  injection 
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system  and  the  first  helium  acceleration  is  summarized  in 
this  paper, 

IL  BOOSTER  NEW  INJECTION  SYSTEM 

A  schematic  layout  of  the  new  injection  system,  which 
is  presently  being  used  for  proton,  deuteron  and  helium  ion 
acceleration,  is  shown  in  Figure  1.  The  system  comprises 
four  bump  magnets  (the  main  bump  magnets)  placed  in  one 
of  the  straight  sections  of  the  ring.  The  main  bump 
magnets  have  single  turn  conductor  plates,  and  are  arranged 
asymmetrically  so  as  to  enlarge  the  angle  between  the 
injection  and  central  orbits  under  a  limited  magnetic  field. 
In  Figure  1,  the  dotted  line  indicates  the  beam  orbit  for 
charge  exchange  injection.  These  bump  magnets  are  used  to 
change  the  closed  orbit  so  that  the  beam  impinges  on  a 
carbon  stripping  foil.  The  negative  hydrogen  ions  are  fully 
stripped  at  the  foil,  and  start  to  circulate  in  the  ring.  In 
order  to  prevent  an  emittance  blow-up  by  multiple 
scattering  at  the  foil,  the  bump  magnets  must  be  turned  off 
just  after  the  completion  of  injection. 


Bump  i  Bump  2  Bump  3  Bump  4 


Figure  1.  New  injection  system  for  the  booster 

The  solid  line  indicates  the  positive  ion  orbit  during 
multi-turn  injection,  which  overlaps  the  charge  exchange 
injection  by  Bump  2.  This  has  been  newly  developed  and 
plays  the  role  of  both  bump  and  septum  magnets.  A  cross- 
sectional  view  of  Bump  2  is  shown  in  Figure  2.  This 
Bump  2  has  three  single-turn  conductor  plates  in  the  pole 
faces.  The  electric  currents  flowing  through  these 
conductors  produce  two  dipole  magnetic  fields  with 
opposite  signs,  which  are  separated  by  a  middle  thin 
conductor  plate  (1mm  thick),  which  forms  a  septum. 
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During  positive  beam  injection,  the  closed  orbit  must 
be  shifted  by  60mm  toward  the  septum  magnet  in  parallel, 
which  is  achieved  by  exciting  two  additional  bump  magnets 
(not  shown  in  Figure  1).  Their  positions  are  one  quarter  of 
the  betatron  wavelength  upstream  and  downstream  from  the 
injection  point.  Beams  are  gradually  injected  from  the 
center  of  the  phase  space  to  the  outside  by  changing  the 
field  excitation  of  the  additional  bump  magnets. 

Central  Orbit 


Figure  2.  Cross-sectional  view  of  Bump  2  and  the 
excited  filed  pattern  for  positive  beam  injection. 

During  positive  beam  injection,  both  the  bump  and 
septum  currents  flow  into  the  thin  septum  conductor 
instantaneously.  Bump  2  is  operated  under  a  pulsed  mode  in 
order  to  eliminate  any  cooling  problems.  Pulsed  operation 
can  be  realized  using  a  PFN-type  pulsed  power  supply.  The 
PFN  is  electrically  insulated  from  the  ground  potential  and 
controlled  through  an  optical  fiber[3]. 

m.  ACCELERATION  OF  HELIUM  IONS 

Most  of  the  problems  in  accelerating  heavy  ions  of 
Q/A  =  0.5  at  the  KEK-PS  had  been  solved  at  the  time  when 
deuteron  acceleration  succeeded  in  1992.  However,  in  the 
acceleration  of  helium  ions,  there  remains  difficulties  with 
respect  to  multi-turn  injection  of  the  positive  ions. 

A.  ION  SOURCE  AND  INJECTOR 

The  injector  comprises  a  750  keV  Cockcroft-Walton 
preinjector  and  a  40  MeV  Alvaretz  linac.  There  are  two  sets 
of  Cockcroft-Walton  preinjectors,  the  first  preinjector  is 
used  to  accelerate  a  high  intensity  beam  of  H"  and  D’ 
,whereas  the  second  preinjector  is  for  a  polarized  beam. 


Some  modifications  of  the  second  preinjector  have  been 
made  in  order  to  accelerate  positive  ions.  The  electric 
polarity  of  the  Cockcroft-Walton  high  voltage  generator  and 
the  power  supply  for  bending  magnets  of  low  energy  beam 
transport(LEBT)  have  been  inverted.  A  multi-cusp  ion 
source  is  utilized  to  produce  singly  charged  helium  ions. 
An  extraction  voltage  of  50kV  is  supplied  to  the  ion 
source,  and  a  50  keV-He"*"  beam  is  injected  into  the  700  kV 
accelerating  column  of  the  preinjector.  In  order  to  convert  a 
He"*"  beam  to  a  beam,  a  gas  stripper  cell  has  been 
installed  in  the  LEBT. 

The  750kV  He^"*"  ion  beam  is  injected  into  the  linac. 
During  linac  acceleration,  the  helium  beam  is  accelerated 
under  the  47C  mode  operation  scheme[3].  Its  velocity  is  half 
that  in  the  case  of  proton  acceleration.  As  a  result,  at  the 
end  of  the  linac  it  has  3%  less  momentum  than  that  of 
proton  beam.  The  beam  transport  parameters  and  booster 
injection  parameters  must  be  optimized  according  to  the 
beam  momentum. 

B.  BOOSTER  INJECTION 

During  multi-turn  injection  the  beam  is  painted  on  the 
horizontal  phase  space.  As  shown  in  Figure  3,  trace  (c),  by 
changing  the  decay  current  of  additional  bump  magnets,  the 
circulating  beam  orbit  during  an  injection  period  was 
moderately  shifted  for  efficiently  stacking  the  linac  beam. 
This  is  also  a  new  attempt  in  accelerator  technology.  Four 
turns  of  the  linac  beam  were  accumulated  with  this 
technique. 


Figure  3.  Current  waveforms  of  the  injection  magnets  and 
beam  current  monitor  at  the  booster  injection:  (a)  septum, 
(b)  main  bump,  (c)  additional  bump  with  two  time-decay 
constants  and  (d)  beam  current. 

We  observed  a  very  fast  beam  loss;  only  half  of  the 
accumulated  beam  was  extracted  from  the  booster.  This 
beam  loss  was  caused  at  the  time  that  the  main  bump 
magnet  field  fell  sharply  to  zero.  Field  measurements  of  the 
main  bump  magnets  showed  that  the  eddy  currents  induced 
in  the  magnets  caused  a  total  error  field,  so  as  to  cause 
closed  orbit  distortions,  the  maximum  value  of  which  was 
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about  4  mm.  The  total  error  field  due  to  the  septum  magnet 
eddy  current,  as  well  as  the  main  bump  magnet,  was  also 
measured.  However,  both  of  the  error  fields  induced  by  eddy 
currents  are  of  opposite  sign  and  can  cancel  each  other  by 
adjusting  falling  time  of  both  magnets. 

C.  ACCELERATION  IN  THE  BOOSTER  AND  MAIN 
RING  SYNCHROTRONS 

For  heavy  ion  accelerations  in  both  the  booster  and 
main  ring  synchrotrons,  the  radio-frequencies  of  the 
accelerating  systems  are  lower  during  injection,  and  sweep 
more  widely  than  in  proton  acceleration.  The  tuning 
systems  in  both  synchrotrons  have  been  modified.  The 
injection  frequencies  can  be  changed  by  attaching  additional 
capacitors  in  both  systems.  Especially,  in  the  main  ring 
synchrotron,  the  bias  current  power  supplies  for  the  ferrite 
loaded  tuning  cavities  were  upgraded. 

The  intensity  of  a  helium  beam  was  expected  to  be  at 
most  on  the  order  of  10^^  particles  per  bunch.  To  stably 
accelerate  such  a  low  intensity  beam  the  pre-amplifiers  of 
both  the  position  and  beam  phase  monitors  for  the  rf 
feedback  systems  have  been  improved. 


Table  1. 


Typical  Operating  Parameters  during  Helium  Acceleration 
Ion  source 

Type  of  ion  source: 

multi-cusp  ion  source 
with  19  multi-anode  hole 

Beam  width: 

20  nsec 

Beam  repetition  rate: 

20  Hz 

Extraction  gap  /  voltage: 
After  pre-acceleration 

14  mm/50  kV 

He"*"  beam  current: 

After  gas  stripper 

7.6mA(750keV) 

He^’*’  beam  current: 

Linac  beam 

6.6  mA 

Beam  current: 

1.5  mA(20  MeV) 

0.8  mA(40  MeV) 

Emittance*: 

Booster 

0.94  /  0.75  rtmm.mrad 

Rf  frequency  range: 

1.1  ~  3.9  MHz 

Beam  intensity: 

7x10^  particles  per  bunch 

Extraction  energy: 

Main  ring 

588  MeV 

Rf  frequency  range: 

4.0  ~  7.9MHz 

Beam  intensity: 

4.7x10^®  particles  per  pulse 

Top  energy: 

23  GeV 

(*  normalized  rms  emittance) 

The  typical  operating  parameters  and  achieved  helium 
beam  intensity  are  summarized  in  Table  1.  During  a 
commissioning  run  lasting  one  month,  the  helium  beam 
was  very  stable,  it  was  also  extracted  at  various  energies  of 
8  GeV  (2  GeV/u)  to  20  GeV  (5  GeV/u),  based  on  the 
requirements  of  the  physics  experiments. 


Figure  4.  Helium  acceleration  in  the  main  ring:  (a)  a 
helium  beam  intensity  during  a  cycle,  (b)  a  slowly  extracted 
intensity  and  (c)  a  main  magnet  field  pattern. 


IV.  SUMMARY 

During  the  1990’s,  we  started  to  modify  the  KEK 
Proton  Synchrotron  in  order  to  accelerate  and  extract 
various  beams  at  different  energies.  This  was  closely  related 
to  the  physics  programs  using  such  primary  beams.  The 
first  step  was  deuteron  acceleration  in  1992,  helium 
acceleration  was  the  second  step.  The  new  injection  system 
for  the  booster  involves  a  very  sophisticated  technique  in 
which  both  negative  and  positive  beams  can  be  injected 
into  a  synchrotron  ring  pulse  by  pulse.  As  primary  beam 
experiments,  heavier  ion  beams  in  the  GeV  energy  region 
are  desired.  However,  without  upgrading  the  pre-injector  it 
is  difficult  to  inject  fully  stripped  Q/A  =  0.5  ions  into  the 
booster. 

At  present,  a  heavy  ion  beam  acceleration  program  has 
been  scheduled  for  one  month  every  April.  Polarized 
deuteron  acceleration  is  also  planned. 

The  authors  would  like  to  express  their  sincere 
appreciation  to  the  Director  General  of  KEK,  H.  Sugawara, 
as  well  as  Profs.  M.  Kihara,  Y.  Kimura  and  I.  Yamane  for 
their  continuous  encouragement.  They  are  also  indebted  to 
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radiation  estimation  in  helium  acceleration. 
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ABSTRACT 

The  design,  construction,  and  operation  of  a  kicker 
magnet  with  superior  electromagnetic  performance  and 
greatly  improved  radiation  tolerance  is  described.  A  short 
flux  return  of  high  mu  ferrite  improves  the  field  strength 
and  linearity  with  current,  and  novel  metallic  field- 
confining  structures  minimize  the  inductance.  An  8-cell 
structure  with  capacitance  integrated  into  each  cell  makes 
the  magnet  a  nearly  perfect  transmission  line.  The  capacitor 
dielectric  is  1  cm  thick  alumina-loaded  epoxy,  processed  to 
eliminate  air  voids,  and  cast  in  a  multiple  step  procedure 
developed  to  circumvent  epoxy  shrinkage.  The  magnet 
operates  with  pulses  of  up  to  40  kV  and  3.2  kA  at  120  Hz, 
with  magnet  transit  times  of  less  than  35  nsec  and  field  rise 
and  fall  times  of  less  than  60  nsec. 

L  OLD  AND  NEW  MAGNET  DESIGNS 

The  Stanford  Linear  Collider  (SLC)  uses  two  1.2  GeV 
damping  rings  to  reduce  the  emittance  of  the  e"^  and  e" 
bunches  before  acceleration  in  the  main  linac.  Each 
damping  ring  requires  an  injection  and  extraction  kicker 
magnet  with  rise  and  fall  times  of  less  than  60  nsec.  The 
thyratron  pulsers  have  rise/fall  times  of  at  best  25  nsec,  so 
the  magnet  contribution  must  not  exceed  35  nsec.  The  e" 
kickers  must  inject  or  extract  both  bunches  on  a  single 
pulse,  requiring  a  60  nsec  flat  top  and  two  e"  extraction 
kicks  must  be  different  by  less  than  10“^.  These 
requirements  are  best  met  by  a  matched  and  terminated 
transmission  line  magnet.  The  kickers  are  outside  of  21  mm 
diameter  ceramic  beam  pipes,  and  the  space  allocated  is 
less  than  50  cm  long.  Voltages  of  up  to  40  kV  are  required. 
There  are  substantial  beam  losses  near  the  kicker  magnets, 
with  localized  radiation  levels  of  order  10^  rads. 

There  have  been  two  generations  of  SLC  kicker 
magnets  [1,2].  The  first  generation  of  SLC  kicker  magnets 
suffered  from  high  voltage  breakdown  through  the  joints 
between  the  ferrite  tiles  used  for  both  flux  return  and 
capacitor  dielectric.  They  also  had  poor  pulse  quality, 
behaving  more  like  LC  elements  than  transmission  lines, 
and  were  not  suitable  for  extracting  two  e‘  bunches  on  a 
single  pulse.  In  the  second  generation  of  SLC  kicker 
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magnets,  the  capacitance  was  provided  by  a  2  mm  thick 
layer  of  RTV  silicone  rubber  between  the  center  conductor 
and  grounded  aluminum  segments  containing  large  slotted 
ferrite  flux  return  cores.  The  RTV  also  became  brittle  upon 
exposure  to  radiation,  then  cracked  when  thermally  cycled. 
In  some  locations  the  lifetime  averaged  as  low  as  10  days. 
There  was  substantial  stray  inductance  due  to  the  distance 
between  the  center  conductor  and  the  beam  pipe.  A  ferrite 
advertised  as  low-mu  was  used,  for  low  inductance  (but 
low  kick  per  ampere)  but  the  mu  at  operating  current  levels 
was  substantially  higher,  leading  to  a  higher  inductance  and 
mismatch.  The  second  generation  could  be  used  for 
extracting  two  e"  bunches  on  a  single  pulse,  but  only  by 
shaping  the  current  pulse  to  compensate  for  the  mismatch 
of  the  magnet. 

A  new  kicker  magnet  has  been  designed  to  overcome 
these  shortcomings.  It  retains  the  segmented  LC  circuit  and 
separation  between  flux  return  and  capacitance  functions  of 
the  second  generation  magnet,  but  eliminates  the 
nonlinearity  and  subsequent  impedance  mismatch  by  using 
a  short  flux  return  path  of  high  mu  ferrite.  It  improves  the 
HV  breakdown  and  radiation  damage  performance  by  using 
thicker  dielectric  of  alumina-loaded  epoxy.  The  required 
capacitor  surface  area  is  obtained  by  radial  plates.  The  stray 
inductance  is  reduced  by  extending  the  center  conductor  to 
one  side  of  the  beam  pipe,  forcing  all  the  flux  to  enter  the 
beam  pipe.  The  magnet  has  8  LC  cells,  with  6.5  cm 
diameter,  4  cm  long  ferrite  cores  in  each  cell.  The  center 
conductor  is  1.9  cm  diameter,  with  25  cm  diameter,  1.2  cm 
thick  radial  capacitor  plates.  There  is  a  5  mm  thick 
aluminum  cup  attached  to  each  HV  plate  that  surrounds  the 
ferrite  core.  The  ground  plates  are  29  cm  diameter,  1.2  cm 
thick,  and  have  an  11.5  cm  hole  providing  clearance  from 
the  ferrite  cup.  The  ground  plates  are  attached  to  the 
cylindrical  outer  conductor.  The  capacitor  dielectric  is  1  cm 
thick  alumina-loaded  epoxy.  The  plates  have  rounded 
edges,  and  are  thinned  elsewhere  to  increase  the  clearance 
at  the  edges  of  the  other  plates.  There  is  a  30°  wedge 
removed  from  the  magnet  to  allow  it  to  be  installed  over 
the  beam  pipe.  The  field  enhancement  fi:om  the  resulting 
plate  edges  is  ameliorated  by  making  the  cut  in  the  HV 
plate  at  a  larger  angle  and  the  cut  in  the  ground  plate  a 
wider  slot,  so  the  enhancements  only  reinforce  in  a  limited 
region.  After  the  magnet  is  attached  to  the  beam  pipe,  a 
wedge  is  inserted  to  fill  the  gap.  The  wedge  contains  a 
ground  electrode  that  forces  stray  magnetic  field  to  go 
through  the  beam  pipe.  See  Figure  1. 
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Figure  1:  Cross-section  end  view  of  epoxy  kicker  magnet. 
HV  plate  is  vertically  hatched,  and  is  largely  hidden  behind 
the  horizontally  hatched  ground  plate.  The  beam  pipe  is  just 
to  the  right  of  center.  The  wedge  insert  is  farther  right. 

11.  EPOXY  DIELECTRIC  TECHNOLOGY 

Several  mineral-loaded  epoxies  were  chosen  for 
evaluation  [3],  They  have  higher  viscosity  than  unfilled 
epoxies,  but  have  higher  dielectric  constants,  are  less 
brittle,  and  have  greater  radiation  tolerance.  A  pot  life  of  a 
few  hours  is  required.  The  curing  reaction  is  exothermic 
and  accelerates  with  temperature  so  epoxies  with  cure  times 
of  less  than  a  day  tend  to  suffer  thermal  runaway. 

Vacuum  degassing  is  required  not  only  to  remove  the 
bubbles  introduced  during  mixing,  but  also  dissolved  gas 
that  may  come  out  of  solution  during  shrinkage.  Not  all  of 
the  dissolved  gas  comes  out  during  the  initial  froth  stage, 
and  agitation  under  vacuum  is  necessary  [4]. 

The  products  of  the  epoxy  curing  reaction  have  a 
volume  3-5%  less  than  the  reactants.  If  a  rigid  hollow  mold 
is  filled  with  epoxy,  the  epoxy  will  not  fill  the  volume  after 
it  is  cured.  Bubbles  will  grow  as  the  epoxy  shrinks. 
Shrinkage  reduces  the  internal  pressure,  which  can  form 
spontaneous  bubbles,  or  suck  air  into  the  mold.  Epoxy  may 
pull  away  from  concave  surfaces  as  it  cures,  or  debond  or 
crack  later.  Any  of  the  above  problems  would  be  fatal  in 
our  high-voltage  dielectric  application.  Epoxies  with  high 
filler  content  shrink  less  by  total  volume.  Some  epoxy 
chemistries  remain  liquid  through  a  larger  fraction  (but  not 
all)  of  the  shrinkage. 

Epoxy  cured  in  a  shallow  open  mold  displays  few 
pathologies  because  the  shrinkage  takes  place  by  motion  of 
the  surface.  Adhesion  to  the  mold  is  good,  particularly  if 


the  surface  is  sandblasted.  Adhesion  inside  closed  molds 
can  be  good  if  the  mold  is  designed  to  accommodate  the 
shrinkage  by  deforming.  Epoxy  can  also  be  cast  in  stages. 
Each  stage  of  the  cure  can  shrink  separately,  which  allows 
much  better  control  of  the  results  of  shrinkage. 

III.  MAGNET  CONSTRUCTION 

The  flux  return  cores  are  CMD-5005  nickel-zinc 
ferrite.  The  HV  capacitor  plates  with  center  conductor  stalk 
and  ferrite  cup,  and  the  ground  plates,  are  each  machined 
from  single  pieces  of  aluminum.  The  plates  are  sandblasted 
for  adhesion,  then  degreased.  A  cell  consisting  of  a  ferrite 
core,  an  HV  plate,  and  a  ground  plate  is  cast  in  a  closed 
mold.  The  top  plate  of  the  mold  slides  on  an  0-ring  seal  to 
allow  for  shrinkage.  The  mold  is  polished  and  treated  with 
mold-release  compound.  A  wedge-shaped  mold-insert 
keeps  epoxy  out  of  the  beam  pipe  region.  The  scars  from 
fill  and  overflow  hose  fittings  occur  on  the  epoxy  that  is 
removed  in  the  wedge  region. 

The  epoxy  used  is  Conapoxy  FR-1727,  which  is  50% 
aluminum  oxide  powder  by  weight,  and  matches  the 
thermal  expansion  coefficient  of  aluminum.  It  bonds  well 
and  is  very  resistant  to  fracture.  However  it  is  quite  viscous, 
and  will  suffer  thermal  runaway  if  the  mixing  temperature 
is  too  high.  The  epoxy  is  mixed,  degassed  to  a  few  Ton- 
while  being  agitated,  then  transferred  by  air  pressure  on  the 
epoxy  surface  into  two  molds  per  epoxy  batch.  The  molds 
are  at  10  Ton*  during  transfer,  and  are  pressurized  to  5 
atmospheres  during  cure.  Finished  magnet  cells  have  both 
plates  and  the  ferrite  encapsulated  in  epoxy,  with  only  the 
stalk  ends  of  the  HV  plate  and  the  edge  of  the  ground  plate 
exposed. 

The  magnet  end-cells  are  aluminum  dishes  with  3  cm 
thick  high  voltage  plates  for  the  cable  connections. 
Polished  and  tapered  aluminum  mold  inserts  form  cavities 
where  the  cable  dielectrics  plug  in.  The  cable  ground  braids 
attach  to  the  dish.  A  polished  metal  wedge  keeps  epoxy  out 
of  the  beam  pipe  region.  The  end-cell  dishes  and  plates  are 
sandblasted,  degreased,  and  filled  with  epoxy,  then  cured 
with  a  free  surface.  One  end-cell  is  also  has  a  ferrite  core 
and  ground  plate,  and  requires  a  larger  epoxy  volume,  so  it 
is  filled  partially,  cured,  then  filled  the  rest  of  the  way. 

Before  being  assembled  into  a  complete  magnet,  the 
cells  and  end-cells  are  high-voltage  tested,  sandblasted,  and 
degreased.  One  end-cell  is  placed  on  a  flat  surface,  and  a 
metal  rod  is  inserted  vertically  in  its  center  conductor. 
Magnet  cells  are  then  slid  onto  the  rod,  which  provides 
electrical  contact  between  the  cells.  There  are  small  0-rings 
on  the  center  conductor  stalks,  which  both  seal  epoxy  away 
from  the  rod,  and  allow  the  cells  to  slide  along  the  rod 
without  touching  as  the  epoxy  shrinks.  An  aluminum 
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cylinder  jacket  (with  a  30®  wedge  missing)  is  slid  over  the 
outside  of  the  stack,  then  the  other  end-cell  is  added  to  the 
top.  The  jacket  is  held  away  from  the  end-cells  by  small 
rubber  bumpers,  and  sealed  to  them  by  tape.  There  is  about 
2  mm  of  clearance  between  the  jacket  and  the  edges  of  the 
ground  plates,  and  more  between  the  edge  of  the  cell  epoxy 
and  the  jacket.  This  allows  the  cells  to  move  during 
shrinkage  without  binding.  As  the  epoxy  in  this  volume 
shrinks,  the  radius  of  the  jacket  can  decrease  by  narrowing 
the  30°  slightly. 

The  aluminum  electrode  that  forces  flux  to  go  through 
the  beam  pipe  is  inserted  into  the  stack,  with  inorganic 
Mycalex  insulators  on  each  end.  A  full-length  metal  wedge 
is  inserted  into  the  stack,  to  align  the  cells  and  to  exclude 
epoxy  from  the  beam  pipe  region.  An  overflow  well  is 
caulked  onto  the  jacket  over  the  wedge  region.  The  magnet 
is  turned  on  its  side  with  the  wedge  facing  up  for  final 
potting.  The  epoxy  is  introduced  through  a  fitting  in  the 
jacket  and  opposite  the  wedge.  A  notch  in  the  ground  plates 
allows  the  epoxy  to  flow  from  cell  to  cell.  The  epoxy  used 
is  Epic  Resins  R-1055/H-5039,  which  is  50%  silica  filled, 
has  low  viscosity  and  long  pot  life,  and  remains  liquid  for 
most  of  its  shrinkage.  The  magnet  is  filled  under  vacuum, 
and  cured  under  pressure. 

After  the  epoxy  has  cured,  screws  are  inserted  through 
the  jacket  to  make  contact  with  the  ground  plates.  An 
aluminum  strap  makes  electrical  contact  between  the  end- 
cells  and  the  jacket.  The  piece  that  fills  the  wedge  is  cast 
epoxy  with  a  Mycalex  insulating  tip  touching  the  beam 
pipe  and  an  aluminum  field-confining  conductor. 

VL  MAGNET  PERFORMANCE 

The  performance  of  the  epoxy  kicker  magnets 
themselves  has  been  excellent.  After  the  width  of  the  flux- 
excluding  conductor  was  adjusted,  the  magnets  behaved 
like  matched  transmission  lines,  with  negligible  ringing  or 
other  imperfection.  The  transit  time  is  less  than  35  nsec.  No 
magnet  has  ever  developed  internal  HV  breakdown  or 
radiation  damage  during  an  SLC  running  year.  In  building 
over  20  magnets,  only  a  few  cells  have  been  rejected  due  to 
potting  mishaps,  and  a  few  more  have  failed  HV  testing 
before  final  potting.  Two  magnets  have  had  minor  final 
potting  mishaps;  both  were  repairable. 

There  have  been  a  number  of  serious  compatibility 
problems  with  the  ceramic  beam  pipes.  A  thin  metallic 
coating  inside  provides  high  frequency  isolation  between 
the  beam  and  the  magnet.  This  coating  is  grounded  at  one 
end,  with  a  ceramic  insulator  disk  at  the  other  end  so  the 
coating  is  not  a  shorted  turn  through  the  magnet.  These 
beam  pipes  survived  many  years  and  many  old-type  kicker 


magnet  replacements,  although  in  some  cases  the  coating 
was  no  longer  grounded. 

After  several  months  of  operation  in  1992  with  the  first 
two  epoxy  magnets,  both  beam  pipes  developed  pinhole 
leaks  due  to  corrosion  near  the  ceramic  gap,  caused  by 
ozone  from  corona  discharge.  New  beam  pipes  were  made, 
with  better  grounding  of  the  internal  coating  to  reduce  the 
voltage  on  the  gap,  and  epoxy  encapsulation  of  the  gap  to 
exclude  air  from  the  high-field  region.  The  1993  SLC  run 
was  started  with  all  epoxy  magnets  and  some  of  the  new 
beam  pipes.  After  only  a  few  weeks,  one  of  the  new  beam 
pipes  fractured  at  the  ground  end  due  to  arcing  from  the 
magnet  to  ground  along  the  ceramic.  A  few  weeks  later, 
another  new  pipe  not  only  fractured  at  the  grounded  end, 
but  the  epoxy  encapsulation  of  the  ceramic  gap  end  caught 
fire!  In  response  to  the  fracturing,  beam  pipes  were  tested 
under  vacuum  along  with  magnets,  and  were  installed 
without  being  removed  from  their  magnets.  Also,  the 
coating  was  disconnected  from  the  ground  end  of  the  pipes 
by  abrading  a  short  length  of  it  away.  These  pipes  survived 
the  rest  of  the  1993  run  without  fracturing.  Another  pipe 
did  fracture  in  1993,  but  with  a  second-generation  magnet. 
There  was  also  another  ceramic  gap  leak  in  1993  when  the 
epoxy  encapsulation  melted. 

The  present  beam  pipes  have  ceramic  gaps  at  both 
ends,  and  the  gap  has  been  redesigned  to  withstand  the 
voltage  without  epoxy  encapsulation.  There  were  no  more 
pinhole  leaks  during  the  long  1994-5  SLC  run.  There  was  a 
beam  pipe  fracture,  which  appears  to  have  been  caused  by 
arcing  inside  the  beam  pipe  at  the  sliding  metal  fingers  of  a 
bellows  shield  near  the  ceramic  gap.  Since  other  bellows 
shields  failed  elsewhere  in  the  damping  rings  in  1994-5,  an 
improved  shield  is  being  designed,  which  will  be  integrated 
into  the  kicker  beam  pipes  when  it  is  available. 

V.  REFERENCES 

[1]  T.  Mattison  et  al,  “Operational  Experience  with 
SLC  Damping  Ring  Kicker  Magnets,”  in  Proc.  of  1991 
IEEE  Particle  Accel.  Conf.^  San  Francisco,  CA,  May  6-9, 
1991,  p.  2331. 

[2]  R.  Cassel  et  al,  “SLC  Kicker  Magnet  Limitations,” 
in  Proc.  of  1991  IEEE  Particle  Accel.  Conf,  San  Francisco, 
CA,  May  6-9, 1991,  p.  996. 

[3]  G.  Gross  et  al,  “Development  of  Epoxy  Potting  for 
High  Voltage  Insulation  at  SLAC,”  in  Proc.  of  1991  IEEE 
Particle  Accel.  Conf,  San  Francisco,  CA,  May  6-9,  1991, 
p.  2334. 

[4]  R.  Cassel  et  al.,  “Manufacture  of  Fast-Pulsed 
Magnets  for  the  SLC  Damping  Rings,”  IEEE  Trans.  Magn. 
Vol.  28, 1991,  p.  557. 


1917 


Status  of  the  Nuclotron  Slow  Extraction  System 

V.I.Chemikov,  LB.Issinsky,  O.S.Kozlov,  V.A.Mikhailov,  S.A.Novikov 
141980,  Laboratory  of  High  Energies 
Joint  Institute  for  Nuclear  Research,  Dubna,  Russia 


Abstract 

A  general  description  of  the  slow  exraction  system  of  a  charged 
particle  beam  from  the  Nuclotron  is  presented.  The  third  integer 
resonance  is  used  for  the  slow  step-over  extraction  mechanism. 
The  septum  deflectors,  that  are  an  electrostatic  septum  and  two 
superconducting  Lambertson  magnets,  are  the  most  complicated 
components  of  the  Nuclotron  slow  extraction  system.  A  detailed 
design  of  these  elements  based  on  computer  simulation  is  con¬ 
sidered  too.  The  septum  deflectors  are  under  construction  and 
bench  testing  before  their  placement  in  the  Nuclotron  ring. 

L  Introduction 
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Figure.  1.  Scheme  of  the  Nuclotron  superperiod  and  layout  of 
the  slow  extraction  elements  over  the  Nuclotron  ring 


The  Nuclotron[l],  [2],  a  superconducting  synchrotron,  is  in¬ 
tended  to  accelerate  nuclei  and  multicharged  ions  (up  to  ura¬ 
nium)  from  an  injection  energy  of  5  MeV/u  up  to  an  energy  of  6 
GeV/u  for  the  charge  to  mass  ratio  Z/A=0.5. 

The  Nuclotron  is  a  strong-focusing  separated  function  syn¬ 
chrotron  with  a  circumference  of  251.52  m.  It  has  32  FODO 
cells  separated  into  8  structural  superperiods.  The  magnetic  ring 
contains  96  SC-dipoles  and  64  SC-quadrupoles.  The  Nuclotron 
is  placed  on  the  ground  floor  of  the  Synchrophasotron  building, 
3.76  m  down  relative  to  the  linac  and  the  transport  beam  line 
plane.  A  scheme  of  the  Nuclotron  superperiod  and  a  layout  of 
the  slow  extraction  elements  over  the  Nuclotron  ring  are  shown 
in  Fig.l. 

The  Nuclotron  was  put  into  commissioning  in  1993.  Now  its 
cryogenic,  power  supply  and  magnet  protecting  systems  are  un¬ 
der  development  to  raise  their  operation  stability  and  to  reach 
reliable  work  at  the  projected  energy.  Limited  financing  does 
not  allow  one  to  carry  out  the  full  program  of  putting  the  accel¬ 
erator  into  exploitation.  A  stable  circulation  and  acceleration  of 
deutrons  up  to  2.5  GeV/u  at  a  beam  intensity  of  2 x  10^  ppp  were 
obtained  in  December  1994.  The  first  physics  experiments  with 
an  internal  target  were  carried  out.  The  next  run  is  scheduled  to 
begin  in  the  late  May  of  1995. 

IL  Slow  extraction  mechanism 

In  accordance  with  the  chosen  betatron  frequences  Q^r  :^6.8, 
c:^6.85,  it  is  optimum  to  use  the  third  integer  nonlinear  res¬ 
onance  3Qjr=20  for  slow  extraction[3].  The  operating  point  is 
moved  to  the  resonance  band  by  the  structural  quadrupoles.  At 
this  time  the  20-th  harmonic  of  sextupole  nonlinearity  is  excited 
by  4  slow  extraction  sextupole  lenses  S1-S4  located  in  the  min¬ 
ima  of  the  dispertion  function.  4  slow  extraction  quadrupole 
lenses  Q1-Q4  are  uniformly  placed  over  the  Nuclotron  ring  to 
produce  the  coherent  betatron  tune  shift  within  the  reso¬ 
nance  sideband  and  to  prevent  excitation  of  the  parametric  reso¬ 
nances  2Qx,z=13,  2Q3;,^=14. 


Figure.  2.  Phase  picture  at  the  ES  entrance  @  6  GeV/u 

The  beam  will  be  extracted  in  two  directions  to  be  used  in 
two  experimental  areas  by  means  of  the  electrostatic  septum 
(ES)  and  the  two-section  Lambertson  magnet  (LM)  placed  in 
the  long  drift  spaces  of  the  second  and  fifth  superperiods.  The 
ES  deflects  particles  in  the  horizontal  plane.  The  LM  allows 
one  to  bend  the  beam  in  the  vertical  plane  in  the  direction  of 
the  experimental  halls  and  to  pass  over  the  lens  body  situated  at 
the  end  of  the  staight  section.  General  parameters  of  the  slow 
extraction  system  are  given  in  Table  2. 

The  phase  trajectories  at  the  entrance  of  the  ES  for  an  energy 
of  6  GeV/u  are  shown  in  Fig.2.  There  are  an  ellipse  surrounding 
the  Nuclotron  acceptance  (Cj;  =  210  Trmmmrad)  and  phase 
portraits  for  the  electrostatic  septum  and  Lambertson  magnet. 
The  momentum  spread  changing  during  the  slow  extraction  pro¬ 
cess  is  shown  in  Fig.3. 

III.  Electrostatic  Septum 

The  efficiency  of  slow  extraction  strongly  depends  on  the 
thickness  of  the  first  extraction  septum  as  compared  to  the 
growth  of  the  resonant  betatron  amplitudes  in  the  final  turns  be¬ 
fore  extraction.  A  95%  efficiency  of  extraction  will  be  realized 
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Figure.  3.  Momentum  spread  changing  during  slow  extraction: 
l-@  200  MeV/u,  2-@  6  GeV/u 


X(cm) 

Figure.  4.  Scheme  of  theES  (half)  and  regions  of  nonuniformity 
of  the  electrostatic  field:  1-circulating,  2-extracted  beams 


by  a  very  aligned  electrostatic  septum  formed  from  grounded 
0.1  mm  tungsten-renium  wires  with  an  effective  thickness  of 
0.3  mm  and  a  spacing  of  1  mm  that  is  the  anode.  The  effec¬ 
tive  length  of  the  parallel  electrodes,  cathode  and  anode,  is  3 
m.  The  wire  anode  separates  the  region  of  the  circulating  beam 
from  the  region  where  there  exists  an  electrostatic  field  and  has 
a  ground  potential.  The  cathode  is  at  a  high  negative  potential  of 
up  to  200  kV.  A  gap  of  2  cm  with  a  field  of  100  kV/cm  is  needed 
to  reach  a  required  deflection  of  about  2  mrad.  The  cross  sec¬ 
tion  of  the  electrostatic  deflector  is  shown  in  Fig.4  where  the 
coordinates  are  connected  to  the  Nuclotron  equilibrium  orbit. 

The  calculations  were  aimed  to  form  the  cathode  surface  for 
the  required  uniformity  of  the  deflecting  field  no  less  than  97% 
in  the  working  region  (3cm<x<5cm,-2cm<z<2cm)  where  the 
extracted  beam  passes  through  the  gap.  The  nonuniformity  and 
distribution  of  the  electrostatic  field  are  given  in  Figs.4,5. 

There  are  some  arguments  in  favour  of  a  tungsten-renium 
wire  anode.  It  is  pretty  stable  under  sparking  when  the  energy 
available  in  the  discharge  releases.  It  is  easier  to  build  and  to 

Table  I 

General  characteristics  of  the  Nuclotron  slow  extraction  system 


Kinetic  ion  energy  (Z/A=0.5) 

0.2/6  GeV/u 

Effective  length  of  quadrupoles 

0.3  m 

Effective  length  of  sextupoles 

0.3  m 

dBz/dx  (quadrupoles) 

0.14/0.68  T/m 

d^B^/dx^  (sextupoles ) 

13.3/233  T/m 

Effective  length  of  ES 

33133  m 

Effective  thickness  of  ES 

0.42/0.31  mm 

Electric  field  tension  in  ES 

1.26/10  MV/m 

Effective  length  of  LMl  and  LM2 

1.5  m 

Field  in  LMl 

0.1/l.lT 

Field  inLM2 

0,15/1.6  T 

Effective  emittance  of  the  extracted 

9.5/2.57rmmmr, 

beam:  horizontal,  vertical 

20/2.07rnimmr 

Instantaneous  momentum  spread 

(7/0.2)x10-2 

Duration 

(1-10) sec 

Duty  factor  of  the  extracted  current 

95/95  % 

Slow  extraction  efficiency 

95/96  % 

X(cm) 


Figure.  5.  Distribution  of  the  electrostatic  field  in  the  ES  gap 

maintain  a  perfect  plane  with  an  array  of  wires  than  foil.  The 
mean  Coulomb  scattering  angle  of  particles  hitting  the  septum 
is  smaller  and  thus  the  losses  are  smaller.  The  oxide-coated  ti¬ 
tanium  cathode  can  stand  a  higher  energy  in  the  sparks  across 
a  small  gap.  The  calculated  overtension  on  the  cathode  surface 
reaches  6%  that  is  within  the  admissible  boundary.  Of  course, 
the  insulation  of  the  ES  gap  will  greatly  depend  on  cleanliness  of 
the  vacuum  system  and  advanced  conditioning  of  the  electrodes. 

IV.  Lambertson  magnets 

LM1[5]  and  LM2  are  1.5  m  long  magnetic  deflectors  with 
superconducting  windings  whose  transverse  sections  are  shown 
in  Fig.6.  Two  apertures  in  the  yoke  for  circulating  and  extracted 
beams  are  separated  by  3  and  7  mm  septa.  They  deflect  the 
extracted  beam  up  at  an  angle  of  80-110  mrad  to  by-pass  the 
following  quadrupole  lens  and  to  rise  the  beam  to  the  level  of 
the  existing  transport  channels.  The  maximun  magnetic  fields 
in  LMl  and  LM2  are  1.2  T  and  1.8  T,  respectively. 

The  two-dimensional  designs[4]  of  the  magnetic  yoke  and 
coil  parameters  were  aimed  first  of  all  to  reduce  the  leakage 
field  in  the  circulating  beam  region  and  then  to  gain  a  good  uni¬ 
formity  of  the  working  field.  The  essential  cut-out  in  the  LM2 
extracted  beam  aperture  in  front  of  the  magnetic  septum  is  de¬ 
signed  for  extra  reduction  of  the  leakage  field.  As  the  calcula¬ 
tions  show,  the  nonuniformity  of  the  working  field  does  not  ex¬ 
ceed  1-2%  that  is  satisfactory  for  a  single  beam  passing  over  the 
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[5]  V.N.Buldakovsky  et  al.  Nuclotxon  Slow  Extraction  Lam- 
bertson  Magnet.  Proc.  of  the  XIII  Conf,  on  Particle  Accel¬ 
erators,  Dubna,  1992. 


Figure.  6.  Scheme  of  the  Lambertson  magnets:  1 -circulating, 
2-extracted  beams,  3-main  coils,  4-current  coils 


extracting  region.  But  with  a  compact  magnetic  yoke  and  thin 
septa  we  shall  have  anyway  a  leakage  field  of  up  to  2-3%  of  the 
main  one  at  a  beam  energy  of  5-6  GeV/u  due  to  the  saturation 
of  the  magnetic  yoke.  That  is  inadmissible  because  of  consid¬ 
erable  closed  orbit  distortions,  during  the  acceleration  process. 
Since  the  B^ —component  of  the  leakage  field  is  much  greater 
than  the  B^ —component,  the  z-distortion  will  be  much  greater 
(up  to  ±20  mm)  than  the  x-distortion  (up  to  ±2  mm).  To  over¬ 
come  this,  one  can  set  out  current  coils  in  the  LM1,2  circulating 
beam  aperture  for  independent  correction  of  the  leakage  field. 
The  calculations  show  that  one  can  suppress  leakage  fields  and 
provide  the  x,z-distortions  over  a  range  of  ±3  mm  using  only 
one  coil  (Fig.6). 


V.  Conclusion 

Commissioning  the  Nuclotron,  a  new  superconducting  syn¬ 
chrotron  at  the  Lab  of  High  Energies,  JINR  is  being  continued. 
The  machine  development  program  is  directed  to  the  extraction 
of  accelerated  beams.  The  construction  of  the  Nuclotron  slow 
extraction  system  presented  in  this  paper  is  under  way.  Nowa¬ 
days  the  superconducting  slow  extraction  quadrupoles  and  sex- 
tupoles  are  being  arranged  in  the  Nuclotron  ring.  The  ES  an¬ 
ode  and  cathode  are  under  construction.  The  first  bench  testing 
of  LM1[5]  has  already  been  carried  out.  Cooling  down  to  4.6 
K,  control  of  the  cryogenic  temperature  and  magnetic  measure¬ 
ments  have  been  performed.  After  the  next  LM2  magnetic  field 
measurements  and  placing  LMl  and  LM2  in  the  ring,  the  slow 
extraction  without  ES  will  be  realized  despite  of  a  small  effec¬ 
tiveness  of  about  10-15%. 
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I.  INTRODUCTION 

The  purpose  of  the  injection  kicker  is  to  provide  the 
ultimate  deflection  to  the  incoming  beam  from  the  Alternating 
Gradient  Synchrotron  (AGS)  into  the  Relativistic  Heavy  Ion 
Collider  (RHIC).  The  beam  is  kicked  in  the  vertical  direction 
to  place  it  on  the  equilibrium  orbit  of  RHIC.  Each  bunch  in 
the  AGS  is  transferred  separately,  and  stacked  box-car  fashion 
in  the  appropriate  RHIC  rf  bucket.  In  order  to  achieve  the 
required  deflection  angle  four  magnets  powered  by  four 
pulsers  will  be  used  for  each  ring  of  RHIC.  When  the 
bunches  are  stacked  in  RHIC  the  last  few  rf  buckets  are  left 
unfilled  in  order  to  provide  a  gap  in  the  beam  to  facilitate  the 
ejection  or  beam  abort  process.  This  also  means  there  is  not 
a  severe  constraint  on  the  fall-time  of  the  injection  kicker. 
One  prototype  pulser  has  been  built  and  tested.  Much  of  the 
development  effort  has  gone  into  the  magnet  design. 
Although  lumped  ferrite  magnets  are  simpler  to  build  and 
require  less  power  to  reach  full  field[l]  a  transmission  line 
magnet  was  developed  because  of  the  very  fast  rise-time 
requirement  and  the  tolerances  imposed  on  the  field  variation 
and  ripple. 

IL  GENERAL  DESIGN 

A  performance  specification  for  the  kicker  is  given  in 
Table  1.  The  performance  is  achieved  using  four  Blumlein 
pulsers  each  connected  to  a  magnet  forming  a  matched 
transmission  system.  The  pulsers  will  be  located  outside  the 
RHIC  tunnel  and  will  be  connected  to  the  magnets  by  about 
75  m  of  high  voltage  cable.  The  Blumlein  pulser  consists  of 
rigid,  oil-filled,  transmission  lines  in  a  folded,  triaxial, 
configuration  of  the  type  developed  at  SLAC[2].  The  magnet 
consists  of  a  "C"  cross  section  formed  of  interspersed  ferrite 
and  high  dielectric  constant  bricks.  If  properly  oriented  with 
respect  to  the  beam  both  the  electric  and  magnetic  fields  can 
contribute  additively  to  the  deflecting  force,  although  by  far 
the  largest  contribution  is  made  by  the  magnetic  field.  In 
high  power,  fast  rise-time  systems  the  impedance  of  the 
grounding  connection  has  an  effect  on  ground  transients  at  the 
magnet  and  pulser.  These  effects  must  be  carefully  consid¬ 
ered  when  choosing  insulation  withstand  levels. 

*Work  performed  under  the  auspices  of  the  U.S.  Department 
of  Energy. 


Table  1 

Performance  Specification 

Deflection  angle:  1.86  mrad 
Beam  rigidity:  97.5  Tm 
Rise  time  (1-99%):  95  ns 
Flat  top:  20  ns 
Hat  top  tolerance:  +  1% 

Fall  time:  Less  than  800  ns 
Min.  repetition  period:  33  ms 
Life  time  :  10^  shots 

III.  PULSER 

The  major  dimensions  of  the  storage  lines  are  given  in 
Table  2.  The  triaxial  delay  line  pipes  are  insulated  with 
Teflon  spacers  and  filled  with  Calumet  Caltran  60-15  oil 
under  slight  positive  pressure.  The  dielectric  constant  is  2.35. 
The  delay  lines  are  assembled  from  sections  each  about  2.4  m 
in  length.  The  combination  provides  two  delay  lines  of  12.5 
Q  impedance  which  feed  a  25  Q  load  formed  by  the 
connecting  cables  (2  x  50  in  parallel),  the  magnet  and  a  25 
Q  oil-filled  hockey  puck  resistor  assembly.  The  electrical 
properties  of  the  Blumlein  are  shown  in  Table  3.  The  pulser 
is  switched  by  a  two-gap  deuterium  thyratron  designed  for 
high  di/dt  applications  (EEV  type  CX  1168C).  An  R-C 
networks  in  parallel  with  the  switch  tube  provides  a  small 
amount  of  overshoot  in  the  current  waveform,  this  improves 
the  field  rise-time  by  a  few  nanoseconds. 

Table  2 

Blumlein  Dimensions 

Outer  coaxial  pipe:  134.5mm  O.D.x98.0minI.D.+0.1mm 

Inner  coaxial  pipe:  76.2mm  O.D.x55.5mmI.D.+0.1mm 

Length:  10.95  meters 

Material:  6061  -  T6  Aluminum 

Insulating  oil:  Caltran  60-15 

Insulting  Standoffs:  PTFE  Teflon 
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Fig.  1.  General  assembly  of  transmission  line  magnet. 


Table  3 

Blumlein  Pulser  Characteristics 

Load  impedance:  25Q 
Two-way  propagation  time:  110  ns 
Operating  voltage:  50  kV 
Operating  load  current:  2000  A 
Max.  voltage:  60  kV 
Current  rise-time:  30  ns 
Storage  line  capacitance:  10  nF 

IV.  MAGNET 

The  magnet  is  a  type  first  developed  at  SLAC[3]  which 
uses  high  dielectric  ceramic  interspersed  with  ferrite  to 
approximate  a  transmission  line.  The  characteristics  are  given 
in  Table  4.  The  dielectric  selected  has  a  relative  dielectric 
constant  of  -  100.  This  approach  greatly  reduces  the  cost 
usually  associated  with  the  machining  of  capacitance  elements 
associated  with  a  transmission  line  magnet.  The  use  of 
rectangular  bricks  of  similar  dimension  apart  from  the 
longitudinal  direction  assures  easy  assembly  for  potting  in 
epoxy.  The  drawback  to  this  design  approach  is  the  poor  high 
voltage  performance.  The  cross-section  shown  in  Figure  1 
illustrates  the  problem:  the  high  voltage  conductor  fits  into  the 
rectangular  comers  of  ferrite/dielectric  "C"  magnet  but  despite 
shaping  the  conductor  the  local  electric  stress  in  the  comers 
is  very  high,  particularly  in  the  longitudinal  direction  in  the 
vicinity  of  the  dielectric  sections.  The  stress  is  further 


enhanced  in  the  gap  adjacent  to  the  conductor  by  the 
difference  in  dielectric  constant  between  the  ceramic  brick  and 
the  epoxy  potting  compound.  The  first  full-length  magnet 
failed  due  to  high-voltage  flashover  at  20  kV  using  the  epoxy 
originally  tested  at  SLAC.[4]  A  series  of  half-length  model 
were  then  made  to  improve  the  high  voltage  performance. 
Loading  the  epoxy  with  high  dielectric  constant  powder 
seemed  promising  but  adhesion  to  the  bricks  was  poor.  Two 
RTV-insulated  magnets  were  built  and  tested  but  they  failed 
at  40  kV.  A  clear  epoxy  (RNIOOO  from  Conap)  gave  the  best 
results.  A  gap  of  0.7  mm  between  the  bricks  can  be  inspected 
during  and  after  the  pour  to  ensure  no  voids  exist.  RNIOOO 
has  low  viscosity.  (600-800  cps)  a  long  pot  life  below  22°C 
and  only  0.8%  shrinkage  during  cure.  The  magnet  is  de¬ 
signed  to  permit  high  temperature  bake-out  of  the  ceramic 
beam  tube.  For  this  procedure  the  bottom  plate  shown  in 
Figure  1  is  removed  and  the  magnet  elevated  above  the  beam 
tube. 

A  magnet  made  with  this  material  was  given  a  life  test  of 
1.2  million  shots  at  50  kV  without  damage.  This  life  is 
perfectly  adequate  for  RHIC  as  filling  the  machine  will  occur 
only  a  few  times  a  day  during  normal  operation.  After  the 
test  some  flashover  was  observed  at  57  kV.  The  finite 
elements  comprising  the  magnet  result  in  a  frequency  cut  off 
in  the  25  MHz  range;  this  increases  the  effective  current 
risetime  to  about  40  ns.  The  combination  of  risetime  and 
propagation  time  results  in  an  integrated  field  risetime  of 
about  85  ns. 
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Table  4 

Magnet  Characteristics  (each) 


Strength  at  2000  A:  0.0465  Tm 
Number  per  ring:  4 
Propagation  time:  45  ns 
Impedance:  25  Q 

High  frequency  cut  off:  ~  25  MHz 
Magnet  aperture:  48.4  mm  wide  x  51.2  mm  high 
Magnet  length:  1.12  meter 
H  field  deflection:  ~  94% 

E  field  deflection:  -  6% 

Ceramic  beam  tube:  Circular  aperture  41.3nim 
3.2mm  wall 

Core  material-ferrite:  Ceramic  magnetic  CMD  5005 
15  sections:  50mm  long  x 
13.9mm  thick 

Core  material-dielectric:  Trans-Tech  MCT-100 
14  sections:  25mm  long  x 
13.9mm  thick 

Bus  bar/retum  frame:  6061-T6  aluminum 
Epoxy  potting  material:  Conap  Inc.  RNIOOO 

V.  TEST  RESULTS 

The  first  six  magnets  to  be  made  (1  long  and  5  short)  had 
a  measured  impedance  of  24.5  Q  +  2%.  The  magnets  met  the 
specifications  shown  in  Tables  1  and  4.  The  short  magnets 
had  a  propagation  time  of  about  23  ns  and  the  long  magnets 
about  45  ns.  The  deflecting  force  specification  was  met  with 
about  45  kV  charging  voltage  +  10%.  The  wide  tolerance 
indicates  the  difficulty  of  accurate  measurement  of  |Bdl  in  the 
presence  of  the  high  electric  field.  Oscillograms  of  the  field 
integral  vs  time  are  shown  in  Figure  2a  and  Figure  2b.  These 
data  are  for  a  half-length  magnet.  Figure  2b  illustrates  the 
field  perturbation  r  t  800  ns  after  the  injection  kick;  corre¬ 
sponding  to  the  effect  on  the  first  injected  bunch  when  RHIC 
is  filled.  The  7th  magnet  (long  version)  possessed  an 
impedance  of  -  27  Q;  significantly  higher  than  the  earlier 
magnets.  The  magnet  also  performed  poorly  in  high  voltage 
tests  -  both  results  suggestive  of  poor  contact  to  the  dielectric 
bricks  resulting  in  less  capacitance. 

VI.  CONCLUSION 

The  Blumlein  pulser  is  a  good  solution  to  the  problem  of 
providing  short,  very  high  power  waveforms  for  the  injection 
magnet.  The  oil-filled  version  came  on  line  with  virtually  no 
development  problems.  The  magnet,  on  the  other  hand,  has 
required  considerable  development  to  achieve  an  acceptable 
high-voltage  performance.  This  performance  has  been 
demonstrated  for  the  short  version,  but  not,  as  yet,  for  the 
full-length  magnet. 
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Fig.  2a.  Integral  field  waveform  vs  time  for  a 
half  length  magnet,  time  scale  50  ns  per 
division. 


Fig.  2b.  Same  waveform  as  Figure  2a. 
except  200  ns  per  division  showing  field  at 
~  800  ns  after  injected  bunch. 
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THE  ACTIVE  FILTER  VOLTAGE  RIPPLE  CORRECTION  SYSTEM  OF  THE 
BROOKHAVEN  AGS  MAIN  MAGNET  POWER  SUPPLY* 


I.  Mameris,  R.  Bonati,  J.  Geller,  J.N.  Sandberg  and  A.  Soukas 
Brookhaven  National  Laboratory,  Upton,  New  York  11973  USA 


I.  INTRODUCTION 

The  Brookhaven  AGS  is  a  strong  focussing  accelerator 
which  is  used  to  accelerate  protons  and  various  heavy  ion  species 
to  an  equivalent  proton  energy  of  29  Gev.  Since  the  late  1960’s  it 
has  been  serving  high  energy  physics  (HEP  -  proton  beam)  users 
of  both  slow  and  fast  extracted  beams.  Since  the  late  1980’s  slowly 
extracted  heavy  ion  beams  have  been  added  for  fixed  target  physics 
experiments  (HIP).  Beginning  in  1996  fast  extracted  beams  will  be 
commissioned  in  preparation  for  injection  into  the  RHIC  accelera¬ 
tors. 

This  paper,  and  a  companion  paper  [1],  describe  the 
improvements  to  the  Main  Magnet  Power  Supply  (MMPS)  so  that 
it  enables  a  more  flexible  operation  of  the  AGS,  enhances  its 
reliability,  and  also  improves  the  MMPS’s  ultimate  performance 
specifications.  One  of  the  major  areas  for  the  latter  is  the  fixed 
target  program  operating  off  the  AGS  slow  extracted  beam  lines. 
The  active  filter,  by  improving  the  MMPS  output  ripple,  is 
instrumental  in  the  improvement  of  the  ultimate  duty  factor  of  the 
extraction  beam  spill. 

II.  PARAMETERS 

The  AGS  MMPS  consists  essentially  of  two  power 
supplies  connected  in  parallel  (the  actual  implementation  is  in  2 
stations).  One  PS  is  a  high  voltage  unit  (P  type)  that  is  typically 
used  for  fast  ramping  during  acceleration  and  energy  recovery.  The 
other  is  a  lower  voltage  unit  (F  type)  that  is  used  for  slow  ramping 
or  for  flattop  operation.  Even  though  the  F  units  are  operated  as 
24-pulse  controlled  rectifiers,  the  ripple  requirement  at  flattop  is 
very  stringent.  The  key  parameters  for  the  AGS  are  shown  in  Table 
1. 


Voltage  dc  max . 

Voltage  dc  max  . 

Current  dc  max  . 

Current  rms  . . 

Magnet  Resistance  (R)  . . 
Magnet  Inductance  (L) . . . 
Nominal  Pulse  Rep.  Rate  . 

Nominal  Flat  top . 

Fundamental  Ripple  Freq. 
Fundamental  Ripple  Freq. 


Table  1 

. ±10  kV  (P  type) 

. ±1.5  kV(F  type) 

. 6.0  kA 

. 4.0  kA 

. 0.26  Ohms 

. 0.75  Henry 

3.0  Sec 
1.5  Sec 

720  Hz  (P  type) 

1440  Hz  (Ftype) 


*  Worked  performed  under  the  auspices  of  the  U.S.D.O.E. 


Slow  extraction  from  the  AGS  is  accomplished  on  the 
third-integer  resonance.  A  set  of  four  sextupoles  arranged  in  a  +,- 
configuration  excites  the  resonance  just  after  the  AGS  Main 
Magnets  are  flattoped  at  the  desired  energy.  The  beam  horizontal 
and  vertical  tunes,  average  radius,  chromaticity  and  skew  parame¬ 
ters  are  set  to  nominal  values.  The  beam  momentum  spread  is 
adjusted  by  RF  phase-back  and  at  RF  turn-off  the  beam  is  effec¬ 
tively  debunched.  The  debunched  beam  is  brought  to  extraction 
radius  by  slightly  sloping  the  flattop  of  the  MMPS.  The  extracted 
beam  orbit  is  set  by  local  orbit  defcmiations  and  by  three  (3)  stages 
of  septa  comprised  of  electrostatic,  thin  copper  magnetic,  and  thick 
copper  magnetic  ejection.  Extraction  is  accomplished  in  the 
horizontal  plane.  Once  extracted  beam  is  established,  an  SEC 
(secondary  emission  chamber)  intensity  signal  is  used  for  measure¬ 
ment  and  for  feedback  to  a  slow  spill  servo  loop  that  dynamically 
adjusts  the  MMPS  flattop. 

Since  the  AGS  MM  time  constant  is  3.0  seconds,  it  has 
a  corresponding  load  breakpoint  frequency  of  0.05  Hz  and  thus  can 
do  a  good  job  of  average  spill  rate  and  length  control.  The  spill 
generally  has  modulation  components  in  the  60-720  Hz  sub- 
harmonic  ripple  range  mainly  due  to  the  MMPS  and  to  the  10,  or 
so,  other  PS's  that  are  utilized  during  the  extraction  process.  The 
spill  servo  cannot  correct  these.  An  effort  has  been  underway  for 
sorm  time  to  reduce  these  troublesome  components  by  improving 
individual  PS’s.  However,  as  the  spill  from  the  AGS  is  increased 
in  length,  the  sensitivity  to  these  effects  also  increases.  Thus,  an 
active  filter  approach  has  been  applied  to  the  AGS  MMPS. 

III.  ACTIVE  FILTER  DESIGN 
AND  RESULTS 

One  of  the  most  critical  contributions  to  spill  modulation 
is  due  to  the  MMPS.  Its  basic  ripple  at  flattop  is  1440  Hz,  ±25  Hz, 
which  is  the  slip  frequency  of  the  motor-generator  system.  This 
presents  both  good  and  deleterious  effects.  The  frequency  variation 
makes  it  easier  to  measure,  however  it  prevents  synchronized 
corrections  and  can  beat  with  the  line  frequency  to  create  other 
more  complicated  harmonics.  The  damped  passive  filter  at  the 
output  of  the  MMPS  attenuates  the  raw  ripple  to  about  20  volts 
peak-to-peak.  The  requirement  by  the  spill  is  an  order  of  magni¬ 
tude  less,  or  1-3  volts  peak.  Due  to  the  high  peak  voltages  of  ±10 
kV  and  the  high  currents  of  6  kA,  series  or  parallel  regulators  or 
filters  become  very  difficult  schemes  to  implement  physically.  It 
was  decided  therefore  that  in  order  to  create  a  filter  with  the 
robustness  required  by  the  continuous  and  flexible  operation  of  the 
AGS,  to  use  a  series  transformer/choke  as  the  coupling  element  to 
the  MMPS  circuit.  We  implemented  two  different  techniques  of 
correcting  the  AGS  MM  ripple.  One  using  a  wide  band  feedback 
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loop  and  another  using  a  tuned  filter  feedback  loop  with  adjustable 
gain  and  phase.  The  schematics  of  the  circuits  as  well  as  the  signal 
flow  graphes  are  shown  in  Figures  1, 2A,  and  2B.  The  parameters 
of  figures  1,2  are  the  following.  VI  (s),  V2(s)  are  the  station  1  and 
2  voltage  ripple  of  the  AGS  MM  power  supply.  VM(s)  is  the  AGS 
magnet  voltage  ripple.  VAF(s)  is  the  coupled  ac  voltage  from  the 
active  filter.  Ll=0.25  mH,  Rl=  0.1  Ohms.  Gl(s),  G2(s)  are 
compensated  amplifiers.  G3(s)  is  the  active  filter  power  supply 
closed  loop  transfer  function.  G4(s).K4  is  the  transformer/choke 
transfer  function.  G5(s)  is  the  tuned  filtered  transfer  function.  It  can 
be  seen  that  each  of  the  2  MMPS  station  voltages  are  sensed, 
summed,  filtered  and  compared  to  the  instantaneous  waveform. 
The  error  is  used  to  drive  the  primary  of  the  transformer  which 
induces  and  cancels  the  ripple  from  the  magnet  voltage.  The  power 
driver  is  a  commercial,  bipolar,  4-quadrant,  switch  mode  PS  which 
has  a  wide  voltage  bandwidth.  The  switching  frequency  is  -44 
kHz,  which  results  in  a  constant  voltage  full  power  bandwidth  of 
1  kHz.  The  loop  response  (gain  and  phase)  of  the  power  supply 
(G3(s))  and  the  active  filter  choke  (G4(s))  is  shown  in  Fig.  3.  The 
open  loop  response  of  the  active  filter  from  Fig.  2A  is  shown  in 
Fig.  4.  The  tuned  filter  (G5(s))  was  tuned  to  correct  120  Hz,  180 
Hz,  240  Hz,  360  Hz,  and  720  Hz.  The  response  is  shown  in  Fig. 
5.  The  results  of  the  ripple  correction  utilizing  the  two  different 
techniques  are  shown  in  Figures  6A  and  6B.  Using  the  tuned  filter 
feedback  scheme  we  were  able  to  correct  more  because  we  could 
control  the  phase  and  the  gain  of  every  frequency  component 
separately. 


FIG  2A 


FIG  2B 


Fig.  3 

G3(s)*G4(s)  TRANSFER  FUNCTION 
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K2*Gl(s)*G2(s)*G3(s)*G4(s)  TRANSFER  FUNCTION 
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FIG.  6B 


Fig.  5 


Hi 


AMPLITUDE  OF  AGS  MAIN  MAGNET  VOLTAGE  RIPPLE  COMPONENTS 
(VOLTS  PE  W) 


1.  Ax,1  IS  THE  RIPPLE  WITHOUT  ACTIVE  FILTER  CORRECTION 

2.  Ax, 2  IS  THE  RIPPLE  USING  ACTIVE  FILTER  CORRECTION, 
WITH  SWITCH  (SW)  IN  POSITION  1  (SEE  FIG.  1) 


FREQUENCY  HZ 


AMPLITUDE  OF  AGS  MAIN  MAGNET  VOLTAGE  RIPPLE  COMPONENTS 
(VOLTS  PEAK) 

1.  Ax,1  IS  THE  RIPPLE  WITHOUT  THE  ACTIVE  FILTER  CORRECTION 

2.  Ax, 2  IS  THE  RIPPLE  USING  THE  ACTIVE  FILTER  CORRECT  ION, 
WITH  SWITCH  (SW)  IN  POSITION  2  (SEE  FIG.  2).  TUNED  F ILTER 
WAS  TUNED  TO  CORRECT  1 20  HZ,  1 80  HZ,  240  HZ.  360  H  Z,  720  HZ. 


IV.  FUTURE  PLANS 

The  implementation  in  the  future  will  be  done  digitally  by 
a  dedicated  PC  computer  which  will  perform  the  data  acquisition 
and  manipulation,  such  as  averaging.  The  output  to  the  drive 
system  will  be  through  an  arbitrary  waveform  generator.  This 
scheme  will  be  adaptive.  Also,  with  a  change  in  transformer  ratio 
or  a  higher  voltage  power  supply  driver,  we  would  like  to  apply  the 
filter  correction  to  the  entire  cycle.  This  will  enable  closer  beam 
radius  control,  and  aid  in  perhaps  controlling  other  high  intensity 
phenomena  and  instabilities. 
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THE  INJECTION  KICKER  SYSTEM  FOR  THE  MUON  G-2  EXPERIMENT^ 

G.C.  Pappas,  E.B.  Forsyth,  Brookhaven  National  Laboratory,  Upton,  New  York  11973  USA 
W.  Feng,  Nanjing  University,  Nanjing,  China  210008 


Abstract 

The  muon  g-2  experiment  is  designed  to  measure  the 
anomalous  magnetic  moment  of  the  muon  to  an  accuracy 
of  0.35  ppm  by  measuring  the  difference  between  the  spin 
precession  frequency  and  the  cyclotron  frequency  of  the 
particle  in  a  known  magnetic  field.  The  injection  kicker  is 
designed  to  deflect  3.094  GeV/c  muons  by  an  angle  of  10 
mrad  into  a  storage  ring  with  a  radius  of  7.112  m.  No 
magnetic  materials  can  be  used  in  or  near  the  beam  line 
because  of  the  high  precision  with  which  the  field  of  the 
main  dipole  magnets  must  be  known.  Eddy  currents  induced 
in  the  vacuum  chamber  by  the  fast  kicker  pulse,  and  their 
effect  on  the  main  dipole  field  must  also  be  considered.  An 
air  core  magnet  which  is  driven  by  an  underdamped 
capacitor  discharge  modulator  using  a  spark  gap  switch  has 
been  designed.  This  design,  as  well  as  test  data,  will  be 
presented. 

1.  INTRODUCTION 

The  muon  g-2  experiment  utilizes  a  superconducting 
storage  ring  of  7.112  m  diameter.  The  injection  kicker 
magnet  is  required  to  deflect  muons  of  momentum  3.094 
GeV/c  by  an  angle  of  10  mrad.  The  kicker  system  including 
the  power  modulator,  charging  power  supply,  magnet,  beam 
chamber,  and  main  ring  dipole  magnet  are  shown  in  Figure 
1.  The  kicker  system  consist  of  three  one  m  long  air  core 
magnet  with  an  aperture  of  80  mm  vertical  by  100  mm 
horizontal.  A  crossectional  view  of  this  magnet  is  shown  in 
Figure  2.  This  magnet  is  driven  by  an  underdamped 
capacitor  discharge  circuit  with  peak  amplitude  of  6500  A, 
and  resonant  frequency  of  approximately  11  Mrad/s.  The 
power  modulator  switch  is  a  100  kV  spark  gap.  The  entire 
discharge  circuit  is  in  a  coaxial  housing,  and  is  shown  in 
Figure  3. 

Several  unique  restrictions  which  apply  to  this  kicker 
system  are  the  result  of  the  kicker  magnet  being  inside  of 
the  main  ring  dipole  magnet  beam  pipe.  No  magnetic 
materials  can  be  used  in  or  near  the  beam  pipe  because  of 
the  high  precision  which  the  dipole  field  must  be  known. 
The  high  vacuum,  and  radiation,  in  the  beam  pipe  limits 
the  use  of  plastics  for  electrical  insulators,  and  mechanical 
supports.  Both  the  charging  waveform,  and  discharge  pulse 
must  be  carefully  analyzed  to  insure  that  any  eddy  current 
fields  induced  in  the  beam  vacuum  chamber  quickly  decay 
[1]. 


^  Work  performed  under  the  auspices  of  the  U.S.D.O.E. 


IL  THE  KICKER  MAGNET 

Three  different  types  of  kicker  systems  where 
investigated  to  meet  the  above  requirements.  They  were,  an 
electrostatic  kicker,  a  transmission  line  kicker  and  a 
magnetic  kicker.  The  basic  pulsed  power  parameters  for 
each  of  these  types  of  kickers  are,  ±400  kV  pulse  for  the 
electrostatic  kicker,  ±200  kV  and  4000  A  pulse  for  the 
transmission  line  kicker,  and  <  100  kV  and  6000A  pulse  for 
the  magnetic  kicker.  Placement  of  the  kicker  magnet  in  the 
main  magnet  beam  chamber  has  serious  consequences  for 
each  of  these  types  of  kickers.  The  limited  space  inside  the 
chamber  precludes  the  electrostatic  and  transmission  line 
types  of  kickers  due  to  electric  field  stresses.  The  magnetic 
kicker  induces  eddy  currents  in  the  vacuum  chamber  which 
must  not  contribute  to  the  main  dipole  field  by  more  than 
0.1  ppm,  or  21  mG.  Thus,  considerable  effort  was  taken  to 
study  the  effects  of  eddy  currents  in  the  beam  chamber 


Figure  1.  G-2  experiment  main  dipole  magnet, 
vacuum  vessel,  kicker  magnet  and  modulator. 


The  magnet  for  the  g-2  muon  storage  ring  injection 
kicker  consists  of  two  titanium  strips  of  80  nun  height 
separated  by  100  mm.  The  kicker  system  uses  three 
magnets  of  1  meter  length  each.  The  transient  eddy  current 
analysis  code  OPERA  2D/TR  was  used  to  investigate  field 
distribution,  eddy  currents,  magnetic  gain,  energy  losses 
and  inductance  for  this  magnet.  The  drive  current  for  the 
magnet  was  assumed  to  be  a  damped  sinusoid, 

i  =  sin  cot 

because  of  the  simplicity  of  producing  such  a  waveform  for 
an  inductive  load.  The  length  of  the  vacuum  chamber,  1,  is 
much  longer  than  either  the  width  w  or  the  height  h,  which 
in  turn  are  each  much  larger  than  the  thickness  d  of  the 
chamber  walls.  Thus,  it  is  possible  to  consider  the  two 
dimensional  field 
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Figure  2.  Kicker  magnet  and  vacuum  Figum  vessel, 
with  field  mapping  NMR  probe  shown. 


Since  the  displacement  currents  can  be  ignored, 
Maxwell’s  equations  reduce  to 


SE, 

5x 

5K 


a 


y  - 


Sx 


—  oE') 


and  the  diffusion  equations  are 


SE, 

dx^ 

S^Hy 


=  P]U 
=  <T/X 


a 

6Hy 

a 


where  (i=Po^r »  ^  is  the  conductivity.  The  eddy  currents 

in  the  vacuum  chamber  walls  have  been  investigated  for 
this  type  of  driving  waveform  using  an  iterative  approach 
and  solving  the  diffusion  equations. 


The  conclusions  drawn  from  this  analysis  are: 

1.  The  vacuum  chamber  material  should  have  a  low 
conductivity  and  be  as  thin  as  possible  for  the  eddy 
current  fields  to  decay  quickly. 

2.  Decreasing  the  thickness  improves  the  decay  of  the 
steady  state  eddy  current. 

3.  Increasing  a  improves  the  decay  of  the  steady  eddy 
current,  but  also  requires  more  drive  current  because  of 
the  reduction  of  the  kicker  field.  To  gain  a  compromise 
between  the  eddy  current  residual  field  the  kicker 
magnet  field,  and  the  current  pulse  width,  co  should  be 
increased  with  a. 


Figure  3.  Power  modulator,  high  voltage  feedthroughs, 
and  charging  supply. 


Computer  simulation  wiring  PE2DITR  and  0PRA20ITR 
were  used  to  show  that  appropriate  choice  of  dimensions, 
shapes,  and  materials  for  the  vacuum  chamber,  and  driving 
waveform  could  result  in  the  residual  eddy  current  field 
contributing  less  than  1  in  10’  to  the  main  dipole  field  at 
the  start  of  the  measurement  period.  This  analysis  was 
performed  with  several  different  waveshapes,  and  it  was 
found  that  both  undershoot  of  the  pulse  and  parasitic 
oscillations  helped  to  reduce  the  effects  of  induced  eddy 
currents.  In  particular,  the  eddy  current  field  induced  by  an 
underdamped  current  pulse  with  an  80  ns  rise  time  and  high 
frequency  parasitic  oscillation  decays  to  12  mG  after  10  |Lis. 

Other  kicker  magnet  parameters  calculated  were  an 
inductance  of  0.21  |xH/m,  magnetic  gain  of  0.025  G/A,  and 
a  field  uniformity  of  AB/B(0,0)=25  %. 

III.  THE  POWER  MODULATOR 

The  pulsed  power  modulator  to  drive  the  above  magnet 
is  the  underdamped  capacitor  discharge  circuit  shown 
schematically  in  Figure  4.  The  spark  gap  used  is  a  Maxwell 
Laboratories  model  40264  gap,  triggered  with  a  Maxwell 
Laboratories  model  40168  trigger  unit.  The  charging  supply 
is  a  command  resonant  supply  which  uses  the  leakage 
inductance  of  the  85:1  step  up  transformer  to  charge  the  10 
nF  discharge  capacitor.  A  charge  current  pulse  for  the 
charging  system  is  shown  in  Figure  5.  Because  the  charge 
current  flows  through  the  magnet,  eddy  currents  induced  by 
this  pulse  where  also  analyzed.  Their  contribution  to  the 
main  dipole  field  was  not  significant  however,  because  of 
the  relatively  low  frequency,  amplitude  and  long  decay 
time  for  the  pulse. 


Figure  4.  Schematic  of  power  modulator  and  charging 
supply 


Figure  5.  Charging  current,  time  base  is  50|is/div, 
amplitude  is  50  A/div. 
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A  typical  discharge  pulse  is  shown  in  Figure  6.  One  of 
the  main  concerns  about  the  discharge  circuit  was  the 
choice  of  a  switch  to  use.  The  primary  objective  was  to 
minimize  circuit  inductance.  Thyratons  were  considered, 
but  a  tube  to  block  up  to  100  kV  would  be  a  three  gap  tube, 
and  tube  inductance  would  be  on  the  order  of  several 
hundred  nano  Henries.  Multigap  tubes  where  also 
problematic  because  of  the  capacitive  coupling  between 
gaps  as  they  break  down.  The  tight  eddy  current 
requirements  discussed  above  could  be  exceeded  by  gap 
coupled  prepulses.  Spark  gap  switches  have  inductance  of 
less  than  50  nH  in  one  gap  up  to  100  kV,  but  suffer  from 
high  jitter  and  short  life.  The  lifetime  for  the  G-2 
experiment  is  not  critical,  however  the  jitter  must  be  kept 
to  less  than  5  ns.  With  this  in  mind  jitter  measurements 
where  made  on  the  Maxwell  gap  and  trigger  unit.  Figure  7 
shows  the  gap  jitter  as  a  function  of  gap  voltage  and 
pressure.  Figure  8  shows  the  trigger  generator  jitter  as  a 
function  of  output  switch  air  flow  and  pressure. 


Figure  6.  Modulator  Output  Pulse.  Time  base  is  100 
ns/div,  amplitude  is  1000  A/div. 

From  this  data  it  is  clear  that  jitter  of  less  than  5  ns  can  be 
obtained  by  the  Maxwell  trigger  generator  and  gap  if  proper 
gas  pressure  and  flow  are  maintained. 

IV.  CONCLUSIONS 

Eddy  current  fields  induced  by  the  fast  kicker  pulse  and 
the  slower  charge  pulse  will  decay  quickly  enough  so  as 
not  to  distort  the  main  dipole  field  for  the  g-2  experiment 
by  a  factor  of  greater  than  1  in  10^.  Jitter  measurements 
have  been  made  on  the  spark  gap  switch  and  trigger  unit., 
and  show  that  the  jitter  requirement  can  be  met  with 


Figure  7.  Spark  gap  jitter  in  nano-seconds  as  a 
function  of  gap  voltage  and  pressure. 
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Figure  8.  Trigger  generator  jitter  in  nano-seconds  as  a 
function  of  pressure  and  flow. 

careful  control  of  the  gap  and  trigger  gap  pressure  and  air 
flow.  A  second  gap  from  English  Electric  Valve  is  being 
investigated.  This  gap  offers  several  advantages  over  the 
Maxwell  gap,  however,  it  has  not  been  tested.  The  EEV 
gap  is  sealed  and  requires  no  synthetic  air,  regulators,  and 
air  flow  controls,  and  is  triggerable  from  an  EEV  provided 
pulse  transformer  whose  driving  voltage  is  only  several 
hundred  volts  on  the  primary.  A  prototype  modulator 
magnet  and  vacuum  vessel  have  been  designed  and  are 
now  in  fabrication.  The  primary  area  of  concern  now  is  the 
insulators  supporting  the  kicker  magnet.  These  insulators 
are  now  being  tested  for  high  voltage  breakdown. 
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Abstract 

The  delivery  of  a  beam  with  chracteristics  appropriate  for 
the  g-2  muon  storage  ring  and  the  filling  of  the  RHIC  heavy 
ion  collider  from  the  AGS  main  ring  requires  a  new  fast 
extracted  beam  (FEB)  system.  The  new  FEB  system  will  be 
capable  of  performing  both  one-turn  fast  extraction  and  single 
bunch  multiple  extraction  of  either  a  heavy  ion  beam  or  a  high 
intensity  proton  beam  at  a  rate  of  30  Hz  up  to  12  times  per 
AGS  cycle.  The  new  system  consists  of  a  fast  multi-pulsing 
kicker  and  an  ejector  septum  magnet  with  local  extraction 
orbit  bumps. 

I.  INTRODUCTION 

Since  the  old  fast  extracted  beam  (FEB)  and  single  bunch 
extraction  (SBE)  systems  [1]  are  no  longer  available  due  to 
the  AGS  improvement  program,  the  new  FEB  system  [2]  will 
serve  as  the  AGS  extraction  system  not  just  for  the  muon  g-2 
experiment  [3]  but  also  for  RHIC  [4]  and  the  long  baseline 
neutrino  (Vjj,)  oscillation  experiment  [5]  as  well.  The  AGS 
complex  has  accelerated  slow-extracted  (SEB)  Au^^"*"  beam  at 
11.6  GeV/c/N  for  the  nuclear  physics  program  and  has 
recently  increased  the  proton  beam  intensity  to  6- 10^^  ppp  at 
24.5  GeV/c  for  various  high  energy  physics  experiments  [6]. 

For  the  g-2  experiment,  which  has  constructed  a  14  m 
diameter  superferric  muon  storage  ring  with  B  =  1.5  T  in  order 
to  improve  the  previous  CERN  measurement  of  the 
anomalous  muon  magnetic  moment  (a|j^)  by  a  factor  of  20,  the 
FEB  must  meet  the  following  requirements:  (1)  extract  the 
bunched  proton  beam  up  to  full  energy  and  intensity  to  the 
new  V-target  through  the  U-line  for  3.1  GeV/c  pion 
production,  and  (2)  perform  single  bunch  multiple  extraction 
(SBME)  at  33.3  ms  intervals  up  to  12  (or  8)  times  per  AGS 
cycle.  The  remaining  bunches,  if  any,  have  to  be  debunched 
and  be  slowly  extracted  into  the  SEB  channel  for  the  HEP 
experiments.  The  V|x  oscillation  experiment  requires  fast  one- 
tum  extraction  of  tightly  bunched  high  intensity  proton  beam. 

With  the  FEB  system  the  AGS  complex  will  also  serve  as 
an  injector  for  RHIC.  The  circumference  of  the  RHIC  ring  is 
19/4  times  larger  than  the  AGS  (C=807  m)  and  its  harmonic 
number  at  injection  is  342  compared  to  12  of  the  AGS.  The 
AGS  will  accelerate  three  bunches  per  pulse  and  transfer 
individual  bunches  one  by  one  into  the  waiting  rf  buckets  in 
RHIC  through  the  AGS_to_RHIC  (AtR)  transfer  line.  Each 
RHIC  ring  will  be  filled  with  57  (or  114)  bunches  one  after 
another  in  a  few  minutes  every  10  hours  or  so  and  accelerate 
heavy  ions  to  energies  of  250- (Z/A)  GeV/N  with  the 
luminosity  L  =  2-10^^  cm"^s"^- 

Work  performed  under  the  auspices  of  the  U.S.  Department  of 
Energy. 


Figure  1.  Schematic  view  of  the  AGS-RHIC  complex. 


In  the  fall  of  1995,  both  the  new  FEB  system  and  the  AtR 
line  are  scheduled  to  be  commissioned.  The  schematic  layout 
of  the  AGS-RHIC  accelerator  complex  is  shown  in  Figure  1. 

IL  DESIGN  OF  THE  FEB  SYSTEM 

A.  Machine  and  Beam  Parameters 

Due  to  its  high  intensity  operation  for  the  g-2  experiment 
and  the  V|x  oscillation  experiment,  it  is  important  that  the  FEB 
system  achieves  a  high  extraction  efficiency  (>99%).  On  the 
other  hand,  for  RHIC  injection,  the  beam  intensity  is  low  but 
pulse-to-pulse  and  cycle-to-cycle  modulations  in  the  extracted 
bunched  beam  parameters  must  remain  within  acceptable 
levels  since  any  excess  will  directly  influence  RHIC 
performance.  Therefore,  stability  and  reproducibility  of  the 
extracted  beam  parameters  are  crucial  for  RHIC  injection. 

The  following  table  lists  the  expected  beam  parameters  and 
performance  of  the  AGS  Complex  for  FEB  operation: 


Table  1.  FEB  beam  parameters. 


Users 

RHiO 

RHIC 

Particles 

Protons  Protons  Heavy  ions 

Momentum 

22-25 

28.0 

28.0'(Z/A)  [GeV/c/N] 
28.7-(27A)  for 

NsbE 

1,2„8(12)  3  (19-2(-2))  for  2  rings 

Np/bunch 

5000 

100 

l(Au),6(Si)  [109] 

e%,v(95%) 

5071 

20  Jt 

IOtt:  [mm-mrad] 

EL 

1.0 

0.3 

0.3  [eV-s/N] 

Obunch 

50 

12 

17  [ns]) 

(dp/p)full 

±0.2 

±0.06 

±0.10  [%]) 

Oper.  Mode 

with  SEB.  filling  two  rings  every  10  hr.  1 

The  basic  machine  parameters  and  performance  of  the 
present  AGS  proton  (Au^^”^)  SEB  operation  are  summarized 
in  Table  2.  It  should  be  noted  that  for  the  SEB  users,  their 
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prime  interest  is  uniformity  of  the  beam  spill  and  beam 
intensity.  In  order  to  accelerate  the  high  intensity  proton  beam 
without  difficulties,  the  machine  rf  harmonic  numbers  have 
been  changed  from  h=12  to  8  in  AGS  (from  3  to  2  in  Booster) 
with  a  longer  bunch  length 


Table  2.  AGS  parameters. 


Circumference 

C  =  2jtR  =  807.075 

[m] 

Curvature 

p  =  85.17 

[m] 

Revolution  Time 

trev  “  2.692 

[ps] 

Tune 

Qh  -  Qv  =  8.7 

Beta  Functions 

Ph,v  =  22.5  - 10.5 

[m] 

Dispersion  Function 

D^max  =  2.20 

[m] 

No.  of  Bunches 

Nb  =  8  (3forAu27+) 

Gap  bet.  Bunches 

ts  =  336  (224) 

[ns] 

Typical  Intensity 

5.3-1013  (1.2-108) 

[ipp] 

Typical  AGS  Cycle 

3.2  (3.6) 

[s] 

Typical  Spill  Length  1.2  (1.2) 

[s] 

Typical  Momentum 

p  =  24.5  (11.6)[GeV/c/N] 

Tran.  Emittance  e” 

h  v(95%)  =  80  (10)  [JC  pm] 

Long.  Emittance  €L  =1-0  (0.3  )  [eV-s^unch/N) 

(Bunch  Length 

lb  =  80  (10) 

[ns])  1 

For  design  purposes,  we  assume  that  the  operational  FEB 
proton  momentum  range  is  (1)  22  <  p  <  29  GeV/c,  (2)  the 
normalized  transverse  emittance  of  the  high  intensity  beam 
should  be  8^h,v(95%)  =  6*a^/|3-(p/m)  <  50  tt  mm-mrad,  where 
c  is  the  standard  deviation  of  the  beam  size  due  to  the 
transverse  emittance,  (3)  the  maximum  total  momentum 
spread  allowed  is  (dp/p)fuii  =  ±  0.2  %  and  the  maximum 
bunch  length  is  lb  =  60  ns.  The  actual  measured  values  of 
dp/p  and  lb  for  the  AGS  beam  are  strongly  dependent  on  the 
machine  condition,  especially  the  beam  intensity.  The  high 
intensity  values  for  the  FEB  operation  have  not  yet  been 
optimized  [6]. 

For  RHIC  injection,  the  expected  values  of  dp/p  and  lb 
for  both  protons  and  ions  are  substantially  lower  than  the 
current  values  since  the  AGS  Booster  can  deliver  much  more 
intensity  than  that  assumed  for  the  RHIC  design  parameters. 
The  Au^^'*'  beam  intensity  is  expected  to  increase  to  meet  the 
RHIC  requirement  [7]. 

B,  Extraction  Scheme 

The  new  system  consists  of  a  fast  multi-pulsing  kicker  at 
straight  section  GIO  followed  by  a  thick  septum  ejector 
magnet  at  s.s.HlO  in  order  to  utilize  the  existing  U  line  and 
due  to  limited  availability  of  straight  sections.  To  minimize 
the  required  voltage  on  pulsing  the  fast  kicker,  the  kicker  is  a 
C-type  open  ferrite  magnet  with  a  pole  tip.  The  kicker  is 
placed  about  60  mm  from  the  central  orbit.  A  few  ms  before 
the  extraction  two  extraction  bumps  are  excited  to  bring  the 
beam  into  the  aperture  of  the  kicker  and  adjacent  to  the 
septum  of  the  ejector.  At  extraction,  the  kicker  is  synchronized 
and  phased  to  the  bunches  and  triggered  every  33.3  ms  to  send 
one  bunch  at  a  time  into  the  ejector,  which  gives  an  additional 


larger  kick  to  extract  the  bunch  out  of  the  ring.  In  Figure  2, 
we  show  a  schematic  layout  of  the  FEB  extraction 
components  and  the  extraction  orbit  bumps. 


0  134.5  269  403.5  538  672.5  807 

S[m] 

Figure  2.  Layout  of  the  AGS  FEB  components. 


C.  Fast  Kicker,  Ejector  and  Orbit  Bumps 

Using  the  99%  emittance  at  p=29  GeV/c  and  asking  at  least 
2  mm  clearance  at  both  sides  of  the  ejector  septum  (10  nun), 
he  required  separation  of  the  circulating  beam  and  the  beam 
kicked  by  the  fast  kicker  is  Ax  =  30.4  mm  at  HIO.  The  kicker 
must  deflect  the  beam  by 

e(GlO)  =  Ax  /  Vi3(G10)-i3(H10)  sin(A^)  =  -1.80  mrad, 

where  Aji,  is  the  betatron  phase  advance  from  the  kicker  to  the 
septum  calculated  from  the  AGS  lattice.  This  corresponds  to 
jBdl  =  Bo-leff  =  -0.18  T-m.  Since  it  is  desirable  to  keep  the 
maximum  pulse  voltage  less  than  40  kV,  the  kicker  magnet  is 
subdivided  into  four  modules  and  powered  by  four  PFN 
modules.  The  kicker  has  a  limited  aperture,  32  mm  x  22  mm 
(w  X  g)  and  a  pole  tip  which  is  shaped  to  maximize  the  good 
field  region  while  keeping  a  gap  as  large  as  possible  as  shown 
in  Figure  3. 


Figure  3.  Geometry  of  the  fast  kicker. 
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The  vertical  field  uniformity  is  calculated  to  be  ±  2.5  % 
and  the  horizontal  field  component  is  0  ±  2.5  Gauss  in  the 
cross  hatched  region  shown  in  the  gap.  Aluminum  shields 
have  been  placed  on  both  the  upstream  and  downstream  ends 
of  the  magnet  to  protect  the  ferrite  magnet  core.  For  FEB 
operation,  the  ejector  magnet  also  has  to  pulse  at  30  Hz.  As  a 
result,  the  temperature  of  the  copper  septum  will  rise 
significantly,  causing  wear  of  the  insulation.  Therefore,  the 
septum  needs  10  mm  thickness  and  is  water-cooled. 

Two  1  X  rather  than  standard  3/2  X  local  orbit  deformations 
(BLWG09  &  Hll)  are  installed  to  avoid  the  kicked  beam 
hitting  the  vacuum  chamber  wall  at  s.s.G20  as  seen  in  Figure 
2.  Each  bump  is  excited  by  powering  backleg  windings  on 
selected  AGS  main  magnets  with  three  independent  power 
supplies.  The  basic  parameters  of  the  kicker,  ejector  and 
extraction  bumps  are  summarized  in  Table  3. 


Table  3.  FEB  magnet  parameters. 


Kicker 

Ejector 

Bnmps 

Aperture  [mm] 

32x22 

72x25 

Full 

Length  [m] 

2.4 

2.1 

(l?t) 

9max  [mrad] 

2.0 

22.0 

2(4)/pair 

Waveform 

half  sine 

half  sine 

half  sine 

®max  [T] 

0.1 

1.0 

0.05(0.1) 

Ibasewidth 

380  ns 

2  ms 

6  ms 

Imax  [kA] 

2.0 

23 

1.0 

Tolerance  [%] 

<0.9 

<0.09 

<0.8 

Z).  Beam  Instrumentation 

In  order  to  observe  possible  beam  scraping  during  the  FEB 
extraction,  two  pairs  of  fast  beam  loss  monitors  are  installed  at 
s.s.GlO.  One  pair  is  connected  to  a  beam  inhibit  system.  The 
present  beam  position  monitor  (PUE)  and  ring  long  radiation 
monitor  (RLRM)  systems  are  not  sensitive  to  a  gold  beam  and 
will  be  upgraded  with  a  wider  dynamical  range  and  a  better 
absolute  measurement  capability. 

III.  SIMULATION 

To  investigate  the  circulating  and  the  extracted  beam 
parameters  at  the  middle  of  s.s.H13  (the  entrance  of  the  U- 
line),  simulation  studies  were  performed  with  a  model  of  the 
AGS  (MAD).  We  ran  MAD  to  obtain  the  desired  orbit  at  the 
kicker  and  at  the  ejector,  making  adjustments  of  the  extraction 
bumps  at  a  desired  working  point  {Qh,Qv}  =  {8.74,  8.78}. 
Then,  the  particles  with  initial  conditions  {x,  x’}  at  the 
beginning  of  s.s.GlO  are  traced  through  the  lattice  and  receive 
an  appropriate  kick  at  the  kicker  and  an  additional  kick  at  the 
ejector  up  to  the  middle  of  s.s.H13,  where  the  beam  should  be 
about  45  cm  away  from  the  central  orbit,  free  from  the  fringe 
field.  The  simulation  results  show  that  the  optical  parameters 
(Ph»v»  ^h,v,  Ux,  Dx')  at  s.s.H13  are  sensitive  to  fine  bump 
tuning  due  to  both  the  non-linear  field  components  at  high 
field  of  the  AGS  combined-function  main  magnet  and  fringe 


field  effects  from  the  septum  to  S.S.H13.  The  results  on  the 
extracted  beam  parameters  are  summarized  in  Table  4. 


Table  4.  Extracted  beam  parameters. 


ELEM  DIST  1 
NAME[M] 

Bh 

[M] 

oh 

[1] 

X  x' 

[mm]  [mrad] 

Dx 

[M] 

Dx'  1 
[1]  1 

6v 

[M] 

av 

[11 

SSH13  78.68  1 

39.69 

-4.85 

449.  65.6 

1.13 

0.183  1  4.23 

1.01 

VI.  CONCLUSIONS  AND  OUTLOOK 


The  new  FEB  extraction  system  is  under  construction  at 
the  AGS,  which  is  capable  of  performing  single  bunch 
multiple  extraction  at  a  rate  of  30  Hz  up  to  12  times  per  AGS 
cycle  for  the  g-2  experiment  and  RHIC  injection.  In  March 

1995,  the  fast  kicker  system  was  successfully  tested  to  extract 
single  bunched  proton  beams  to  the  SEB  line  for  a  test  of  the 
g-2  prototype  detector  at  p  =  24  GeV/c  with  2*10^2  ppb  xhe 
full  new  FEB  system  is  scheduled  to  be  commissioned  for  the 
AtR-line  in  September  1995  and  for  the  V-line  in  January 

1996.  The  muon  storage  ring  and  RHIC  are  expected  to  be 
completed  in  1996  and  in  1999,  respectively.  For  high 
intensity  proton  operation,  it  is  important  that  the  FEB  system 
achieves  a  high  extraction  efficiency.  On  the  other  hand,  for 
RHIC  injection,  stability  and  reproducibility  of  the  extracted 
bunched  beam  parameters  are  crucial.  Further  machine  studies 
and  simulation  studies  will  be  needed  to  optimize  beam 
parameters  for  the  FEB  operation. 
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DESY  III  -  Dump  System  with  one  fast  Kicker  J.Ruemmler 
DESY  Hamburg  /  Germany 


Abstract. 

The  dump  system  works  at  an  injection 
momentum  of  350  MeV/C.  The  kicker,  with  a  rise 
time  of  t  =  90ns  and  a  variable  pulse  length  up  to  t  = 
3  ps,  can  eject  the  entire  DESY  III  beam  or  only  a 
section  into  the  dump.  For  test  runs  DESY  III  can 
operate  with  only  a  few  proton  bunches.  Beam  loss 
at  high  energies  results  then  in  minimal  radioactivitiy 
in  DESY  III,  the  transport  channel  and  in  PETRA. 
Short  pulse  operation  of  the  kicker  can  also  cut  one 
out  of  the  ten  bunches  into  the  dump.  This  gap 
protects  the  ejection  septum  from  irradiation. 


DESY  II  ni  In-  und  Ejektionen 
mit  Dump-und  Feedbacksystemen 


Fig.l  shows  the  location  of  the  dump  system  in 
DESY  III. 

The  optical  specifications  at  the  ejection  point 
from  DESY  III  to  PETRA  apply  also  to  the  dump 
system. 

At  a  momentum  of  350  MeV/C  the  beam 
deposits  little  radioactivity,  but  as  an  additional 
safety  precaution,  both  sides  of  the  dump  chamber 
are  shielded  by  5  em  thick  lead  walls. 


DESY  ni  dump  system 


dump 

QF48 


Dipol  1 


kicker 


QDl 


Fig.2 


The  overview  of  the  dump  system  shows  how 
the  kicker  magnet  near  QDl  ejects  the  beam.  The 
beam  then  runs  through  dipole  1  and  QF  48  into  the 
dump  chamber. 

TTie  kicker  pulser  stands  outside  the  ring  in 
radial  tunnel  7  and  can  be  accessed  during  DESY 
operation. 

The  kicker  pulse  system,  shown  in  fig.2, 
functions  as  a  cable  discharger  via  three  parallel 
cables.  The  kicker  pulse  current  is  lead  through  the 
pulser  by  switch-on  and  off  thyratrons.  And  by 
means  of  further  parallel  cables  the  pulse  current 
runs  to  the  kicker  and  absorber  in  the  ring  tunnel. 

On  the  left  side  of  fig.2  three  diagranuns  show 
the  electronic  characteristics  of  the  pulser. 

The  pulse  current  in  the  kicker,  the  high  voltage  at 
the  switch-on  thyratron  and  the  reflected  pulse 
current  after  pulse  shortening. 
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Pulse  System. 

The  required  right-angular  pulse  in  the  kicker 
consists  of  a  broad  range  of  frequencies  down  to  the 
d.c.  in  the  pulse. 

For  all  the  frequencies  in  the  right-angular  pulse 
the  system  has  an  impedence  of  Z  =16.6  Q.  Three 
parallel  cables  drive  the  kicker  pulse. 

Two  CX  1154  thyratrons  switch  the  pulse  on 
and  off,  and  also  enable  variation  of  the  pulse  length. 
From  the  moment  of  switching  off,  Thyratron  2 
works  as  a  reflection  point  and  sends  the  remaining 
charge  back  to  the  start  of  the  cable  and  over  a 
diode  into  the  absorber. 

Kicker  Magnet. 

Operation  with  right-angular  pulses  requires  that 
the  kicker  has  an  impedence  of  Z  =  16.6  Q.  Only 
such  a  construction  can  lead  all  the  component 
frequencies  of  the  right-angular  pulse  through  the 
kicker  to  the  absorber  without  reflection  or  pulse 
deformation. 

Ferrite  pieces,  in  the  C-  kicker,  lead  the 
magnetic  field  to  the  gap.  28  parallel  capacitive 
plates  divide  the  kicker  into  28  LC-  parts.  In  the 
absence  of  unwanted  inductance  these  plates  lead 
capacitive  currents  on  both  sides  directly  to  the  gap. 


Plate  kickers  can  be  built,  according  to  their 
operation,  with  or  without  stripe  chambers,  as 
shown  in  fig.3. 

Stripe  chambers  separate  the  beam  from  the 
kicker  magnet.  Without  stripe  chambers,  short 
electron  bunches  in  a  beam  of  over  7  Gev/c  would 
cause  wall  currents  which  would  heat  up  the  ferrite. 

This  is  especially  important  to  know  as  ferrite 
has  a  low  thermal  conductivity  and  furthermore  a 
low  Currie  point  of  t  =  250°  C 

The  above  cross  section,  fig  3,  shows  the  stripe 
chamber  in  the  c  -  yoke  of  the  kicker.  The  shaded 
section  of  the  c  -  yoke  is  ferrite. 

To  save  costs,  the  DESY  III  Kicker  can  be 
operated  without  stripe  chambers.  This  is  possible 
because  DESY  III  operates  with  long  proton 
bunches.  The  circumference  of  the  capacitive  plates 
is  shown.  The  plates  are  altemitavely  connected  to 
ground  and  high  voltage. 


Fig.4 

Fig.4  shows  the  plate  kicker  without  the 
surrounding  vacuum  tank.  The  beam  runs  from  the 
right  into  the  middle  of  the  kicker  as  shown  in  the 
kicker  cross  section  diagram,  fig  3. 
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The  plates  are  held  in  position  by  means  of 
ceramic  tubes.  The  ferrite  is  held  in  place  under 
compression  by  springs  and  ceramic  spheres. 

The  surface  of  the  plates  must  be  very  smooth 
and  the  comers  rounded.  This  avoids  hv-  ionisation 
between  the  plates. 

To  avoid  the  danger  of  an  excessively  high 
voltage,  occuring  due  to  the  difference  in  e  between 
the  ferrite  and  the  vacuum,  the  ferrite  is  insulated  on 
only  one  side  by  ceramic  supporters. 

Further  kicker  information 


Momentum 

GeV/C  0.350 

Displacement  angle 

mrad 

9.45 

Gap  width 

mm 

60 

Gap  height 

mm 

56 

Magnet  length 

m  ca 

1  1 

Beam  displacement  at  the  dump  mm 

72 

The  pulser  is  driven  by  a  discharge  through 

3  cables  in  parallel. 

Current  pulse  shape 

right  - 

angular 

Pulse  length 

ps 

0.095  - 

(triggered  by  thyratron  2) 

Cable  length  from  pulser  to  magnet  ca  100 

Kicker  voltage 

kV 

15 

Charge  voltage 

kV 

30 

Power  supply 

kV 

40 

Kicker  impedence 

Q 

16.6 

Absorber  impedence 

Q 

16.6 

The  pulse  rise  time  and  shape  can  be  measured 
by  a  special  transformer. 

Dump  chamber. 

The  vacuum  chamber  is  built  from  stainless  steel 
and  the  dump  region,  inside  the  chamber,  from  a 
welded  copper  plate. 

The  angled  dump  region  smoothly  tapers  the 
chamber.  This  avoids  high-frequency  standing 
waves,  which  would  be  produced  by  sharp  angles  in 
the  chamber,  and  also  gives  the  beam  a  larger  area 
on  which  to  disperse  its  energy. 

Outside  the  chamber  are  two  square  water  cooled 
pipes.  This  forms  the  first  self  shielding  material  of 
the  dump. 


diimpcliaink 

top  view 


Dump  chamber  top  view  Fig.5 
Dump  chamber  shielding 

For  safety  reasons  the  dump  performance  was 
calculated  at  a  momentum  of  350  MeV/C  and  for 
10E12  protons  every  4  seconds.  The  calculations  for 
emission  rates  were  taken  from  the  book  "  Induced 
Radioactivity  "  by  M.  Barbier. 

The  equivalent  dose  applies  for  a  distance  of  1  m 
from  the  absorber. 

The  results  are  for  an  excitation  time  of  5000 
days. 

The  conditions  for  the  results  are: 


Wall  thickness  for  the  dump  region  Cu  5 

mm 

1.  Additional  lead  shielding 

PB  50 

mm 

on  both  sides  of  the  chamber 

Dose  after  a  time  t  =  0 

350 

mrem/h 

t  =lh 

250 

mrem/h 

t  =24h 

180 

mrem/h 

2.  Additional  lead  shielding 

PB  100 

mm 

on  both  sides  of  the  chamber 

Dose  after  a  time  t  =  0 

19 

mrem/h 

t  =  Ih 

15 

mrem/h 

t=  24h 

11 

mrem/h 

Even  for  5000  days  continuous  operation  at  a 
momentum  of  350  MeV/  C  there  are  only  minimal 
dose  rates  outside  the  dump  shielding. 
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USING  A  PULSED  DEFLECTOR  FOR  EXTRACTION  OF  PULSED  BEAMS 

FROM  THE  TRIUMF  CYCLOTRON 

R.E.  Laxdal 

TRIUMF,  4004  Wesbrook  Mall,  Vancouver,  B.C.,  Canada  V6T  2A3 


Abstract 

In  the  normal  mode  of  operation,  the  TRIUMF  cyclotron  ac¬ 
celerates  H“  ions  to  produce  500  MeV  proton  beams  of  160  fiA 
with  4  nsec  pulses  separated  by  43  nsec.  A  proposed  experiment 
(//-)■  e  conversion)  requires  a  500  MeV  beam  with  100-200 
nsec  pulses  separated  by  1-2  /i  sec  with  an  average  intensity  of 
200  //A.  Two  methods  have  been  investigated  to  achieve  this 
time  structure.  Both  incorporate  a  pulsed  electric  deflector  and 
take  advantage  of  extraction  by  stripping.  In  the  first  case,  a 
deflector  with  a  thin  septum  deflects  radially  up  to  six  accumu¬ 
lated  turns  onto  a  stripping  foil  in  one  turn.  In  the  second,  a  pair 
of  vertically  deflecting  plates  are  pulsed  at  a  frequency  to  ex¬ 
cite  a  coherent  vertical  growth,  and  the  particles  are  eventually 
intercepted  by  a  stripping  foil.  Under  certain  conditions  extrac¬ 
tion  occurs  in  almost  perfect  synchronism  with  the  driving  pulse. 
Both  methods  will  be  described  in  detail  and  results  of  computer 
simulations  will  be  presented. 

1.  INTRODUCTION 

The  TRIUMF  cyclotron  accelerates  H”  ions  at  an  rf  fre¬ 
quency  of  23  MHz  and  an  orbit  frequency  of  4.6  MHz  with  five 
bunches  per  turn.  Typically,  160  fiA  are  accelerated  to  500  MeV 
with  extraction  by  stripping.  These  ions  occupy  30-40^^  of  the 
rf  cycle.  Hence  the  time  structure  of  the  extracted  beam  in  cw 
mode  consists  of  4-5  nsec  pulses  separated  by  43  nsec.  The  sep¬ 
aration  between  output  pulses  can  be  increased  five-fold  with 
a  corresponding  reduction  in  the  average  current  by  cancelling 
four  of  the  five  particle  bunches  before  injection.  In  addition  the 
macro-duty  cycle  can  be  altered  by  a  1  kHz  pulser  in  the  injec¬ 
tion  line  giving  pulses  of  variable  length  separated  by  up  to  1 
msec. 

A  //  ->  e  conversion  experiment  [1]  [2]  requires  a  pulsed 
beam  with  average  intensity  approaching  200/iA  at  an  energy  of 
500  MeV.  Pulses  of  100-200  nsec  are  desired  with  a  period  be¬ 
tween  pulses  of  1-2/isec.  The  micro-structure  of  the  pulse  is  not 
critical.  In  a  cyclotron  with  separated  turns  the  macro-structure 
of  the  beam  at  the  source  will  maintain  itself  through  to  extrac¬ 
tion.  However,  in  the  TRIUMF  cyclotron  the  energy  spread  in 
the  turns  produced  by  the  phase-dependence  in  the  acceleration 
and  the  low  radius  gain  per  turn  (1.5  mm  at  500  MeV)  causes 
overlapping  of  turns  and  a  uiniform  radial  beam  distribution. 
For  example  a  single  instantaneous  pulse  of  beam  at  injection 
would  be  extracted  over  a  period  of  20  /isec.  Therefore  any  in¬ 
tensity  fluctuations  in  the  1  MHz  regime  created  at  the  source 
will  be  effectively  washed  out  during  acceleration.  In  any  case 
the  above  intensity  requirement  precludes  altering  the  duty  cycle 
by  beam  elimination  either  at  injection  or  extraction  since,  from 
space  charge  considerations,  the  maximum  allowable  average 
intensity  in  the  TRIUMF  cyclotron  without  major  development 


Figure  1.  Schematic  view  of  pulsed  radial  extraction.  Here 
five  turns  are  accumulated,  then  all  are  deflected  simultaneously 
onto  an  extraction  foil.  A  narrow  foil  lies  upstream  to  protect 
the  septum. 

is  10  /jiAJ^  of  rf  or  ~400  fiA.  [3]  The  specifications  set  by  the 
experiment  can  only  be  met  by  manipulating  the  beam  near  ex¬ 
traction  in  such  a  way  as  not  to  significantly  reduce  the  average 
circulating  intensity. 

11.  PULSED  EXTRACTION  SCHEMES 

Two  methods  were  developed  to  accomplish  this.  In  both 
cases  the  full  cw  beam  is  injected  into  TRIUMF  and  pulsed  elec¬ 
trodes  near  the  extraction  radius  are  used  to  deflect  the  circulat¬ 
ing  beam  periodically  onto  an  extraction  foil. 

A.  Horizontal  Deflection  Scheme 

In  the  first  case  a  radial  deflector  with  septum  is  fed  a  pulsed 
voltage.  [4]  When  the  field  is  off  the  beam  is  allowed  to  acceler¬ 
ate  in  the  normal  way  into  the  deflecting  gap  and  5-10  turns  cor¬ 
responding  to  1-2  //sec  can  be  accumulated.  The  device  would 
pulse  on  for  a  period  equivalent  to  one  turn  (200  nsec)  to  deflect 
all  the  accumulated  beam  onto  a  stripping  foil  positioned  just 
outside  the  circulating  beam.  (Fig.  1)  The  rise  and  fall  times 
of  the  pulses  must  be  less  than  the  separation  of  the  circulating 
bunches  (40  nsec).  Because  the  beam  is  homogenous  radially,  a 
narrow  foil  would  be  placed  upstream  of  the  deflector  to  protect 
the  septum  and  extract  the  intercepted  beam  down  a  separate 
beamline.  The  deflector  gap  must  be  large  enough  to  accom¬ 
modate  the  extra  beam  width,  and  the  beamline  must  be  able  to 
accept  the  increased  energy  spread  of  the  multi-turn  beam. 

Near  extraction  dR/dn  is  only  1.5  mm,  so  up  to  50%  of  the 
beam  would  be  intercepted  by  a  1  mm  protection  foil.  The  ef¬ 
ficiency  could  be  improved  to  80-85%  by  employing  a  proces¬ 
sional  extraction  technique  using  an  existing  rf  deflecting  device 
(RFD)  at  the  i/r  =  3/2  resonance  at  428  MeV,  [5]  The  RFD  al¬ 
ters  the  time  structure  so  that  only  every  second  bunch  passes 
through  the  extraction  region.  This  doubles  the  length  of  the  ex¬ 
tracted  pulse  (180  nsec  to  360  nsec),  and  eases  by  a  factor  of  two 
the  demand  on  the  rise  and  fall  time  of  the  deflector  (80  nsec  in¬ 
stead  of  40  nsec).  As  well  the  extraction  energy  is  reduced  from 
the  nominal  500  MeV  to  a  value  closer  to  the  driving  resonance. 
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Extroctiori  Foil 


Figure  2.  Schematic  view  of  pulsed  vertical  extraction  for  the 
case  where  Ng  =  A  and  i/z  =  0.25.  The  small  boxes  show  the 
vertical  beam  position  once  per  turn.  The  darkened  boxes  corre¬ 
spond  to  turns  when  the  deflecting  field  is  on.  The  profile  of  the 
fringe  field  is  also  shown  with  arrows  indicating  the  magnitude 
of  the  deflections.  The  particle  is  intercepted  by  the  extraction 
foil  after  a  phase  advance  of  7r/2  in  vertical  phase  space  from 
the  last  deflection. 

B.  Vertical  Deflection  Scheme 

In  this  scheme  pulsed  plates  at  the  extraction  radius  perturb 
the  beam  vertically.  [6]  As  in  the  previous  case  the  pulse  is  on 
for  one  orbit  (200  nsec)  with  rise  and  fall  times  of  40  nsec  and  a 
pulse  period  of  Ng  turns.  With  a  vertical  gap  of  30  mm  and  the 
dR/ dn  of  1 .5  mm,  the  beam  will  spend  from  15-20  turns  in  the 
fringe  field  region  (Fig.  2).  The  beam  will  feel  a  periodic  ver¬ 
tical  perturbation  of  ever-increasing  intensity.  As  long  as  the 
deflector  strength  and  pulse  period  are  such  that  the  passage 
through  the  fringe  field  is  relatively  adiabatic,  then  the  beam 
will  experience  a  coherent  vertical  growth.  The  growth  over  sev¬ 
eral  pulses  will  add  constructively  and  thus  be  maximized  when 
K  '  Ng  is  close  to  an  integer  and  a  resonance  condition 
exists.  Fig.  2  illustrates  the  vertical  growth  in  the  case  where 
Ng  =  A  and  =  0.25.  The  extraction  foil  would  be  positioned 
just  above  the  circulating  beam  at  an  azimuth  corresponding  to 
a  phase  advance  of  7r/2  after  the  deflector.  Whenever  the  ac¬ 
quired  amplitude  is  sufficient  to  reach  the  foil,  the  particle  will 
be  extracted,  and  this  will  most  generally  correspond  to  a  time 
directly  after  a  pulse.  Particles  extracted  out  of  synchronism 
with  the  pulse  could  be  removed  in  the  extraction  beamline  by 
another  pulsed  deflector. 

A  plot  of  as  a  function  of  energy  calculated  from  the  mag¬ 
net  field  survey  is  shown  in  Fig.  3.  The  horizontal  dashed  lines 
correspond  to  i/z  values  where  the  noted  pulse  period  will  yield 
a  resonant  condition. 

III.  COMPUTER  SIMULATION  STUDIES 

Computer  simulation  studies  were  carried  out  to  calculate  the 
extraction  efficiency,  the  required  deflector  specifications,  and 
the  beam  quality  (including  energy  spread  and  transverse  emit- 
tance)  of  the  extracted  beam.  All  studies  were  done  using  the 
Monte-Carlo,  first  order  matrix  tracking  code,  COMA.  [7]  The 
initial  particles  occupied  a  phase  band  of  40^^  and  a  transverse 


Figure  3.  as  a  function  of  energy  for  the  TRIUMF  cyclotron. 
The  dotted  lines  correspond  to  Vz  values  where  the  noted  Ng 
values  would  produce  resonant  conditions. 


emittance  of  ^z)  ~  (LO,  2.4)7r//m.  For  normal  (unpulsed) 
extraction  the  extracted  beam  characteristics  were  found  to  be 
ISE  =  1  MeV  and  (ear,  e^)  =  (1.3, 2.1)7r/im, 

A.  Horizontal  Results 

Various  parameters,  including  the  RFD  voltage,  the  extraction 
energy  and  the  pulse  period  were  varied  in  the  study.  [4]  In  some 
cases  local  flattopping  was  added  to  the  acceleration  to  reduce 
the  phase-dependent  effects  produced  in  the  precessional  extrac¬ 
tion.  [8]  Simulation  results  for  a  range  of  RFD  voltages  are  sum¬ 
marized  in  Table  1  for  the  case  where  the  pulse  period,  Ng ,  is 
6  turns  and  the  extraction  energy  is  465  MeV  corresponding  to 
extraction  in  the  fifth  precession  cycle.  Shown  are  the  energy 
spread  and  radial  emittance  of  the  extracted  beam,  the  deflec¬ 
tor  voltage  and  the  extraction  efficiency.  The  deflector  voltage 
is  determined  from  two  factors:  the  field  strength  necessary  to 
generate  sufficient  deflection  and  the  deflecting  gap  required  to 
accommodate  the  beam.  The  voltage  listed  in  the  table  provides 
the  field  strength  required  for  a  1  m  long  deflector  to  separate 
the  pulsed  beam  by  5  mm  from  the  accumulating  beam  (Fig.  1), 
based  on  a  gap  5  mm  larger  than  the  radial  beam  width  in  the 
gap.  For  example,  for  the  case  where  the  RFD  is  off,  a  gap  of 
20  mm  is  chosen  to  deflect  the  15  mm  wide  beam.  The  extrac¬ 
tion  efficiency  corresponds  to  the  fraction  of  the  total  beam  that 
would  miss  the  1  mm  protection  foil  upstream  of  the  septum. 
The  energy  spread  (2.8  MeV)  and  beam  width  in  the  deflector 
gap  (15  mm)  have  increased  over  the  unpulsed  values  (1  MeV 
and  5  mm  respectively)  by  an  amount  given  by  the  dE/dn  of 
0.32  MeV  and  dRjdn  of  1.5  mm  each,  scaled  by  the  pulse  pe¬ 
riod  {Ng  =  6).  As  the  RFD  strength  increases,  the  increased 
perturbation  of  the  circulating  beam  means  that  a  higher  deflec¬ 
tor  strength  is  required  for  the  same  separation.  The  radial  emit¬ 
tance  is  also  adversely  affected  due  to  the  increased  rotation  in 
radial  phase  space  from  turn  to  turn.  Both  the  energy  spread  and 
the  emittance  for  a  moderate  RFD  setting  are  improved  if  local 
flattopping  is  used. 

As  the  pulse  period  increases,  the  energy  spread  increases 
roughly  commensurate  with  the  energy  gain  per  turn,  and  the  ra¬ 
dial  emittance,  for  cases  where  the  RFD  is  on,  rises  dramatically. 
The  deflector  voltage  increases  roughly  linearly  with  pulse  pe¬ 
riod  to  compensate  both  for  the  required  larger  gap  and  for  the 
increased  kick  needed  to  clear  the  higher  number  of  accumu¬ 
lated  orbits. 
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Table  I 

Results  of  beam  simulation  showing  beam  quality  (energy 
spread  and  radial  emittance),  extraction  efficiency  and  pulse 
voltage  for  various  RFD  voltages.  The  pulse  period  is  Ns  =6 
and  the  extraction  energy  is  465  MeV  (fifth  precession  cycle). 
In  one  case  local  flattopping  is  used. 


RFD  Kick 
(V/nim.m) 

AE 

(MeV) 

(7r//m) 

V 

(kV) 

efficiency 

(%) 

0 

2.7 

1.8 

45 

50 

23 

2.7 

2.4 

44 

78 

55 

2.9 

6.0 

60 

86 

55  flat 

2.2 

5. 

40 

87 

110 

2.9 

13. 

120 

90 

Table  n 

optimized  deflector  voltages  and  corresponding  extracted 
beam  characteristics  for  various  pulse  periods,  Ng. 


N, 

(turns) 

Voltage 

(kV) 

E 

(MeV) 

AE 

(MeV) 

{TTfim) 

4 

6 

492 

0.25 

2.9 

1.3 

5 

9 

499 

0.20 

2.7 

2.2 

6 

15 

478 

0.32 

3.8 

2.2 

7 

18 

486 

0.28 

3.7 

3.1 

8 

18 

490 

0.25 

4.3 

3.4 

B.  Vertical  Results 

In  all  studies  [6]  the  Ez  fringe  field  was  assumed  to  rise  lin¬ 
early  over  a  25  mm  range  approaching  the  deflector.  The  po¬ 
sition  of  the  extraction  foil  was  optimized  for  best  extraction 
efficiency.  Since  i/z  ^  0.25  in  the  energy  range  of  interest,  the 
foil  azimuths  were  all  in  the  vicinity  of  the  deflector.  In  the 
initial  investigation,  using  Ng  =  &  and  a  deflector  strength  of  1 
kV/mm  •  m  (30  kV  for  a  1  m  deflector  with  30  mm  gap)  the  posi¬ 
tion  of  the  deflector  was  varied  to  study  correlations  between  i/z 
and  the  extraction  efficiency.  The  efficiency  ranged  from  80%  at 
1/*  =  1 .4  to  99  %  at  z/*  =  1 . 1 .  In  a  similar  study  it  was  found  that 
near  the  =  1  resonance  condition  (Ng  =  5,  =  0.2  at  500 

MeV),  the  deflector  strength  could  be  reduced  to  0.4  kV/mm  •  m 
while  still  maintaining  99%  efficiency.  However  the  efficiency 
dropped  to  94%  at  497  MeV  for  the  same  strength,  indicating 
that  at  lower  voltages  the  results  are  very  i/z  dependent. 

For  any  particular  radius  and  pulse  period,  the  efficiency  is 
optimized  at  a  moderate  deflection  strength.  Too  high  a  strength, 
and  the  growth  is  too  non-adiabatic,  whereas  with  too  small  a 
strength,  the  probability  of  hitting  the  foil  immediately  after  a 
kick  is  reduced.  As  the  deflector  voltage  is  reduced,  the  ver¬ 
tical  emittance  drops  correspondingly  as  the  maximum  vertical 
extent  on  the  foil  is  reduced.  However,  for  very  low  values  the 
energy  spread  and  spot  size  on  the  foil  increase  dramatically, 
because  the  variation  in  the  number  of  pulses  needed  to  achieve 
extraction  increases. 

Optimal  deflector  voltages  (for  a  gap  of  30  mm  and  1  m 


length)  and  the  corresponding  extracted  beam  quality  are  shown 
in  Table  2  for  pulse  periods  ranging  from  =  4  to  iV,  =  8. 
The  efficiencies  are  all  >  99%  except  at  V,  =  8  where  the  effi¬ 
ciency  is  97%.  Above  V,  =  8,  the  energy  spread  becomes  unac¬ 
ceptably  large.  A  higher  pulse  period  demands  an  increased  de¬ 
flector  voltage,  since  fewer  kicks  mean  stronger  voltages  for  the 
same  amplitude  growth.  Because  of  the  finite  vertical  emittance 
and  the  adiabatic  nature  of  the  extraction,  particles  of  the  same 
rf  phase  will  be  extracted  over  two  or  three  pulses.  Therefore 
the  energy  spread  is  larger  than  in  the  previous  single  deflection 
scheme,  and  increases  with  pulse  period.  The  radial  extent  of 
the  beam  on  the  extraction  foil  is  roughly  5  mm/MeV  of  energy 
spread.  The  increased  pulse  period  also  means  a  reduction  in 
the  coherence,  since  the  precession  of  the  vertical  phase  vector 
is  more  rapid  and  leads  to  the  increased  vertical  emittance. 

IV.  CONCLUSION 

The  amplitude  produced  by  any  deflection  is  inversely  pro¬ 
portional  to  the  betatron  frequency.  Hence  vertical  deflections 
are  a  factor  of  six  more  efficient  than  radial  deflections  in  the 
TRIUMF  cyclotron.  As  well,  the  vertical  scheme  benefits  from 
multiple  deflections  as  opposed  to  the  single  pulse  deflection  in 
the  radial  case.  The  specifications  demanded  by  the  radial  de¬ 
flection  scheme  (>  40  kV  @  1  MHz)  are  beyond  present  pulsed 
technology  [9].  However  at  1  MHz,  a  10  kV  pulse  generator  has 
been  designed  [10]  and  fabricated,  and  is  presently  being  tested 
in  preparation  for  a  beam  test  of  the  vertical  deflection  scheme  in 
the  fall  of  1995.  In  a  preliminary  test  6  kV  @  1  MHz  has  been 
reached  [11].  Besides  the  technical  development,  future  work 
will  involve  a  beamline  study  to  determine  if  the  larger  beams 
can  be  transported,  and  a  study  to  estimate  the  cleanliness  of  the 
pulse  off  condition  at  the  target. 
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Abstract 

In  order  to  increase  the  rate  of  production  of  antiprotons, 
intensity  of  the  incident  120-GeV  proton  beam  on  target  is 
scheduled  to  increase  to  5x10^^  protons  per  pulse.  Intensity  in 
the  range  of  3x10^^  has  already  been  sufficient  to  damage  the 
nickel  antiproton  production  target.  To  continue  to  operate 
with  a  tightly-focused  primary  beam  spot  on  the  target,  and 
thus  maintain  yield,  we  plan  to  spread  the  hot  spot  on  target 
with  a  beam  sweeping  system.  Operation  of  the  system  will 
require  a  deflection  of  the  beam  wi^  pairs  of  625-kHz  magnets 
upstream  and  downstream  of  the  target.  We  are  investigating 
both  ferrite  and  laminated-iron  magnet  designs  for  operation  in 
the  harsh  environment  downstream  of  the  target. 


HIGH-INTENSITY  TARGETR  Y 

Antiprotons  are  collected  from  the  interaction  of  a  120-GeV 
proton  beam  with  a  solid  nickel  target.  The  efficiency  of 
collecting  antiprotons  from  the  target  rises  as  the  size  of  the 
proton  beam  spot  on  the  target  is  reduced.  However  at  the 
same  time  the  peak  energy  deposition  on  target  rises.  Under 
Main  Injector  conditions  (5  x  10^^  protons  in  a  l.b-jxs  pulse), 
the  spot  size  will  have  to  be  increased  to  at  least  0.25  mm  to 
keep  peak  energy  deposition  near  current  levels.  To  bring  the 
density  of  energy  deposition  with  a  0.1-mm  spot  size  down  to 
currently-existing  levels,  a  system  to  sweep  the  beam  spot  on 
the  target  has  been  proposed.[l] 

Measurements  of  yield  with  beam  spot  position  on  the  target 
[2]  show  a  Gaussian  shape  in  both  horizontal  and  vertical 
dimensions,  where  a^=  0.48  mm,  and  a^=  0.65  mm.  The 

shape  of  the  yield  distribution  is  determined  by  the  acceptance 
and  lattice  functions  of  the  Debuncher  and  the  AP2  beam  line. 
If  the  incoming  proton  beam  is  itself  a  Gaussian, 

^2 /noil  exp(-jc^  /  2a^^)  in  both  planes,  with  characteristic 
spot  size  and  then  the  dependence  of  the  yield  on 

spot  size,  normalized  to  the  yield  for  an  infinitesimal  point 
beam,  becomes 


size  under  current  operating  conditions  is  about  a^j^=0.15 
mm;  0.23  mm.  Estimates  of  the  peak  instantaneous 

energy  deposition  for  the  highest  intensity  achieved  to  date 
(3.4x10^^)  indicate  an  energy  deposition  of  about  800  J/g. 
This  is  above  the  melting  point  of  copper  (about  600  J/g), 
and  close  to  the  melting  point  of  nickel  (about  1000  J/g). 
Local  disintegration  of  the  target  has  been  observed  when  the 
target  rotation  mechanism  failed.  The  damage  was 
presumably  caused  by  the  integrated  radiation  dosage  to  the 
affected  spot,  combined  with  severe  repetitive  thermal  and 
mechanic^  stress.  Less  severe  damage  was  observed  with  a 
slowly-rotating  target,  [4]  In  order  to  maintain  peak  energy 
deposition  below  present  levels  after  the  Main  Injector  begins 
operation,  it  will  be  necessary  to  increase  the  spot  size.  The 
alternative  is  to  sweep  the  beam  on  the  target,  and  reduce  the 
spot  size  to  the  smallest  attainable,  leading  to  a  15-20% 
increase  in  yield.  As  incident  beam  intensity  continues  to 
rise,  beam  sweeping  will  become  increasingly  important  to 
operation  of  the  Antiproton  Source. 


Figure  1.  Scaling  of  yield  (curve)  and  peak  energy  deposition 
(points)  in  the  target  as  a  function  of  beam  spot  size.  The 
values  for  energy  deposition  were  taken  from  Ref.  3. 


The  effective  size  of  the  energy  deposition  profile  is 
comparable  to  or  larger  than  the  beam  spot  size.  For  a  circular 
Gaussian  energy  deposition  profile  with  variance  a  in  both 
planes,  swept  in  a  circle  of  radius  ro,  the  radial  energy 
deposition  profile  is 


This  curve  is  plotted  in  Fig.  1  for  a  circular  beam  spot.  Also 
shown  are  MARS  10  calculations  of  energy  deposition  in  a 
copper  target  as  a  function  of  beam  size  for  N=5xl0^^ 
protons  per  pulse.  [3]  A  small  fraction  (typically  less  than 
10%)  of  the  deposited  energy  is  released  as  a  stress  wave  by 
the  elastic  properties  of  the  metal;  the  remainder  is  deposited 
locally  for  a  time  much  longer  than  a  beam  pulse.  The  spot 


E{r)  =  exp 


(2) 


where  Iq  is  the  modified  Bessel  function.  The  peak  of  the 
energy  deposition  curve  (Eq.  2)  is  shown  in  Fig.  2  as  a 
function  of  the  ratio  of  sweep  radius  to  a.  Increasing 
amplitude  of  beam  sweep  rapidly  reduces  peak  energy 
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deposition  for  /  a  near  2.  The  effect  is  that  a  sweeep  radius 
of  0.33  mm  reduces  the  peak  energy  deposition  to  about  600 
J/g  for  5x10^^  protons  per  pulse[3].  This  level  of  energy 
deposition  is  likely  to  be  acceptable  for  reliable  operation  in 
nickel  targets. 


Figure  2.  Effect  of  beam  sweeping  on  the  maximum  local 
energy  deposition  for  an  initially  Gaussian  energy  deposition. 


SWEEPING  SYSTEM 

The  beam  sweeping  scheme  utilizes  two  upstream  sweep 
magnets  driven  in  quadrature  by  a  625-kHz  sinusoidal  current 
waveform  to  trace  a  circular  pattern  on  the  target  with  the  120- 
GeV  proton  beam,  followed  by  two  downstream  magnets  to 
redirect  the  8-GeV  antiprotons  exiting  the  collection  lens 
parallel  to  the  AP2  transport  line[5].  Figure  3  shows  a  layout 
of  the  target  station  with  sweeping  system  installed.  The  API 
beamline  transports  and  focuses  the  120-GeV  protons  from  the 
Main  Ring  onto  the  target.  Antiprotons  created  in  the  target 
are  collected  by  a  lithium  lens,  and  deflected  by  the  pulsed 
magnet  into  the  AP2  beam  line  for  injection  into  the 
Debuncher.  The  upstream  sweep  magnets  will  be  installed  at 
the  end  of  the  API  beamline.  A  lithium  lens[6]  may  be  used 
to  tightly  focus  the  beam  on  target  to  very  small  spots  0.1 
mm  or  less;  its  greatest  disadvantage  is  that  it  absorbs  7.5%  of 
the  incident  proton  beam.  The  upstream  magnets  will  be  near 
the  focal  point  of  this  lens.  The  downstream  magnets  will  be 


120  GeV  Proton  Beam 


8QeV 

Antiprotons 


Figure  3.  Components  in  target  vault,  with  locations  of 
sweep  magnets  shown. 


located  at  two  currently  unoccupied  modules  between  the 
collection  lens  and  the  pulsed  magnet,  near  the  focal  point  of 
the  collection  lens.  Requirements  on  the  peak  deflecting  field 
for  expected  Main  Injector  operating  conditions  are  2.6  kG 
upstream,  and  2.0  kG  downstream. 

System  requirements  on  timing  jitter,  field  regulation,  and 
field  uniformity  may  be  determined  from  the  effective  RMS 
radius  xr^s  of  ^  displaced  beam  spot  at  the  target 

where  (Tfoand  Ax  are  the  beam  spot  size  and  the  displacement 
in  a  given  direction.  If  we  wish  to  limit  the  increase  in  xj^^s 
to  less  than  10%  in  all  cases,  the  criterion  becomes  Ax  < 
0,05mm.  The  resulting  requirements  on  timing  jitter  lead  to 
a  combined  requirement  of  ±30ns.  The  field 
uniformity/regulation  requirement  is  AB/B  <  ±7%. 

Two  current-carrying  plates,  roughly  3cm  wide,  with  an  air 
gap  of  3cm  will  provide  the  deflecting  magnetic  field.  A 
magnetic  core  surrounding  the  plates  provides  a  return  path  for 
the  magnetic  field.  MARS  10  and  CAS IM  calculations  of 
energy  deposition  by  hadron  and  electromagnetic  cascades  show 
significant  heating  of  iron  and  ferrite  magnet  cores  downstream 
of  the  target.[3]  Total  heating  increases  linearly  with  particle 
flux,  and  is  a  strong  function  of  the  radius  of  the  magnet  core. 
Steady-state  temperature  rise  of  the  core  is  determined  by 
thermal  conductivity  of  the  material  and  the  rate  at  which  heat 
is  removed  at  the  surface.  Because  of  its  low  Curie 
temperature,  a  ferrite  core  design  requres  the  minimization  of 
the  use  of  ferrite  at  small  radii,  where  the  energy  deposition  is 
greatest.  A  laminated  iron  core  does  not  have  the  thermal 
restrictions  of  a  ferrite  core,  and  thus  may  be  closer  to  the 
beam  path.  However  very  thin  .001-inch  laminations  are 
required.  Investigations  are  currently  underway  to  determine 
the  feasibility  of  using  a  laminated  iron  core. 

Ionization  of  the  air  by  the  particle  shower  downstream  of  the 
target  will  increase  the  conductivity  of  the  air  between  the 
conductor  plates.  Electrical  losses  through  the  ionized-air  path 
across  the  gap  reduce  the  Q  of  the  circuit  driving  the  magnet. 
Estimates  based  on  CASIM  calculations  predict  that  the 
current  drain  between  the  plates  will  be  less  than  100  A,  an 
acceptable  amount.  Avalanche  ionization  of  the  air  does  not 
appear  to  be  a  problem,  as  long  as  peak  electric  fields  are  kept 
well  below  breakdown  levels,  i.e.  E<10  kV/cm.  The  greatest 
problems  are  likely  to  be  at  the  feed  points  of  the  strip  line  to 
the  sweep  conductors.  Installation  of  a  dummy  test  module  is 
planned  to  measure  the  leakage  current  between  two  conductors 
placed  parallel  to  the  beam  path  at  voltages  up  to  10  kV. 

The  sweep  magnets  must  be  provided  with  approximately  6 
kA  at  625-kHz  by  a  power  supply  located  on  the  floor  of  the 
APO  service  building.  The  current  will  be  supplied  through 
cables  over  a  distance  of  approximately  10  m  into  the  target 
vault,  and  by  2.5  m  of  strip  line  through  steel  shield  modules 
to  the  magnets  at  the  bottom  of  the  target  vault.  The 
inductance  of  the  cable,  in  series  with  the  sweep  magnets, 
significantly  increases  the  requirements  on  the  power  supply. 
SPICE  simulations  show  that  it  is  possible  to  supply  the 
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current  directly  through  16  parallel  RG'220  cables  with  a  high- 
power  thyatron  switch,  but  the  requirements  on  the  thyratron 
are  severe.  Two  approaches  that  reduce  the  requirements  on  the 
power  supply  are  under  consideration.  In  both  cases  a 
capacitor  is  placed  at  the  top  of  the  target  vault,  connected  by  a 
strip  line  in  parallel  resonance  with  the  inductance  of  the 
sweep  magnet,  and  the  resonant  circuit  is  tuned  to  625  kHz. 

(a)  The  tuned  circuit  may  be  driven  by  another  tuned  circuit, 
coupled  in  a  linear  dual-resonant  circuit.[l]  The  circuit 
components  consist  of  the  energy-storage  capacitor  Ci,  the 
inductance  of  the  pulser  and  parallel  drive  cables  Li,  and  the 
resonant  load,  L2  and  C2  (fig.  4a).  The  circuit  efficiently 
transfers  energy  from  the  primary  loop  to  the  secondary  loop  at 
the  characteristic  frequency  cOq  the  following  conditions  are 
satisfied: 


LI 


C2 


L2 


(4a) 


(4b) 


Fig.  4.  Representative  circuits  for  driving  the  sweep  magnet. 


2n^m^ 


Here  n  and  m  correspond  to  the  resonant  mode  numbers  of  the 
coupled  circuit  The  mode  of  greatest  interest  is  n=2,  m  =3. 
The  current  step-up  from  the  primary  to  the  seconday  loop  is 
about  2.6.  The  energy  is  supplied  to  the  magnet  in  2-3  current 
reversals,  with  an  initial  voltage  requirement  of  approximately 
30  kV  at  a  capacitor  bank.  The  necessary  current  (3-4  kA)  can 
be  switched  with  a  hydrogen  thyratron. 

(b)  An  alternative  approach  is  pulse  compression  by 
saturating  inductors.  This  technique  has  enjoyed  wide 
acceptance  as  a  passive  switching  technique  for  pulsed  currents. 
A  two-stage  inductive  pulse-compression  circuit  is  shown  in 
Fig.  4b.  The  initially  large  inductance  of  a  ferrite  inductor  Lj 
allows  the  relativ'.jiy  slow  supplying  of  energy  to  an 
intermediate  energy  storage  capacitor  Ci  on  a  relatively  long 
time  scale  scale  of  10  us.  The  inductor  is  designed  to  saturate 
when  sufficient  energy  is  available  to  drive  the  sweep  magnet. 
The  process  is  repeated  in  the  second  stage  C2  and  L2.  When 
the  inductor  L2  saturates  it  rapidly  discharges  C2  into  the 
resonating  capacitor  C3  at  the  top  of  the  target  module,  which 
in  turn  rings  into  the  sweep  magnet  L3.  This  arrangement 
allows  the  use  of  a  simple  solid-state  SCR-driven  power 
supply,  and  a  simple  cable  arrangement  to  deliver  the  charging 
current  to  Ci-  Techniques  have  been  demonstrated  that  control 
timing  jitter  to  the  subnanosecond  level.  [7] 
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Abstract 

We  have  utilized  a  quadrupole  pickup[l]  in  the  Fermilab 
Antiproton  Accumulator  to  reduce  quadrupole  injection 
oscillations  of  8.9-GeV  reverse  protons  injected  from  the  Main 
Ring  onto  the  Accumulator  extraction  orbit.  Quadrupole 
oscillations  of  the  injected  beam  at  (2q-l)fo  due  to  lattice- 
function  mismatch  between  the  beam  transfer  line  and  the 
Accumulator  were  measured  by  the  pickup.  Minimization  was 
accomplished  by  varying  the  strength  of  quadnipoles  in  the 
beamline.  Comparison  of  the  quadrupole  oscillation  data  with 
a  beamline  model  allowed  empirical  estimation  of  the 
matching  lattice  functions  of  the  line. 


INTRODUCTION 

The  beamline  (AP1/AP3)  for  transfer  of  antiprotons  from  the 
Accumulator  to  the  Main  Ring  for  high-energy  physics 
research  consists  of  an  extraction  line  (AP3)  which  transports 
the  antiprotons  toward  the  Main  Ring  beyond  the  antiproton 
production  target,  and  the  API  line,  which  is  also  used  for 
delivering  120-GeV  protons  from  the  Main  Ring  to  the 
production  target.  The  complete  line  is  490  m  long  and 
contains  39  quadnipoles.  Good  betatron  matching  is  important 
for  conserving  the  emittance  of  the  antiproton  beam.  Because 
of  the  length  of  the  line,  uncertainties  in  magnetic  optics  of 
the  transfer  line  and  of  the  periodic  lattice  functions  of  the  two 
rings,  it  is  helpful  to  measure  empirically  betatron  matching 
of  the  transfer  line.  Reverse-injected  proton  beams  are  used  in 
the  measurements  because  of  the  scarcity  of  antiprotons. 


APPARATUS 

The  quadrupole  pickup  is  located  in  the  Accumulator.  The 
pickup  (Figure  1)  is  approximately  one  meter  in  length  with  a 
4  cm  aperture.  In  the  measurements  (Figure  2)  four  preamps 
are  connected  to  the  quadrupole  pickup,  one  for  each  pickup 
plate.  The  output  of  each  preamp  is  connected  to  a  differential 
line  receiver  in  the  APIO  service  building.  The  line  receivers 
are  connected  to  post  signal  processing  electronics  that  filters 
and  performs  the  appropriate  differences  and  sums  to  arrive  at  a 
sum,  vertical,  horizontal,  and  quadrupole  signal.  Eight 
bunches  of  8  GeV  reverse  protons  bunched  at  53MHz  were 
injected  from  the  Main  Ring  through  the  AP1/AP3  beamline 
into  the  Accumulator.  The  oscilloscopes  were  triggered  at  the 
time  of  injection  of  the  beam.  Since  the  signals  from  the 
injected  beam  decay  at  a  characteristic  time  scale  of  1  ms  or 
less,  a  discrete  Fourier  transform  was  performed  on  the  first  1- 
ms  of  data.  When  the  measurements  were  taken  with  a  stack 
of  antiprotons  present  on  the  core  orbit,  care  was  taken  to 
increase  the  emittance  of  the  stack  and  to  adjust  the 
chromaticity  to  reduce  the  intensity  and  move  the  frequency  of 


Figure  1.  Mechanical  arrangement  of  the  quadrupole  pickup. 

signals  due  to  the  stack  away  from  those  due  to  the  injected 
protons.  Calibrations  were  carried  out  by  measuring  the 
output  of  the  pickup  as  a  function  of  induced  dipole  injection 
oscillations  of  known  amplitude.  Maintaining  dipole  injection 
oscillation  amplitude  below  1  mm  ensures  that  these 
oscillations  do  not  significantly  affect  the  quadrupole  signal. 


Tunnel 


_ t Service 

I  Building 


Figure  2.  System  electronics. 

The  response  of  the  pickup  to  a  quadrupole  oscillation  in 
position  of  a  beam  particle  is 

V(x,y,t)  =  Z-(x^-y^)i,{t)  (1) 

where  x(t)  and  y(t)  are  the  beam  position,  ih(t)  is  the  beam 
amplitude  at  the  pickup,  and  Z  is  the  gain  of  the  pickup  for  a 
quadrupole  mode  signd.  For  a  particle  undergoing  horizontal 

and  vertical  betatron  oscillations  ^f£^  cos[q^(i}ot)  and 
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cos(^^C0o0  about  a  closed  orbit,  with  horizontal  and 
vertical  tunes  and  q^,  the  quadrupole  response  becomes 

y  - y.. 

4k 

je^Px  cos[(n  ±  2?;^  )(OQt  +  <1);^  ]  +  e  j,P  cos[(n  ±  2qy  )(0q»  +  ]| 

(2) 

where  and  P^  are  the  amplitude  functions  at  the  pickup, 
and  correspond  to  the  horizontal  and  vertical  emittances 
enclosed  by  the  orbit,  and  are  arbitrary  phases,  and  the 

summation  is  over  all  frequencies  n.  Pairs  of  quadrupole 
signals  appear  at  the  frequencies  n  ±  2q^  and  n  ±  2qy  .  The 

response  V  for  an  injected  beam  is  the  sum  of  the 
contributions  of  all  the  particles.  Bunching  the  particles  in 
time  results  in  a  coherent  quadrupole  signal.  A  beam  injected 
with  a  lattice- function  mismatch  undergoes  additional  coherent 
quadrupole  injection  oscillations.  This  is  the  signal 
component  to  be  minimized.  The  amplitude  of  this  oscillation 
is  related  to  the  emittance  growth  approximately  by  [2] 

Ap/p «'y^2(F-lj  where 

^  =  T(PYo+PoY-2ctao)  (3) 

Here  the  unsubscripted  Courant-Snyder  parameters  are  those 
delivered  by  the  beamline  to  the  ring,  and  the  subscripted 
parameters  are  the  periodic  lattice  functions  of  the  ring  at  the 
end  of  the  beamline.  The  function  F  represents  the  relative 
emittance  growth  of  the  injected  beam  £  /  Bq  mismatch 
is  not  too  large. 

MEASUREMENTS 

The  measurements  were  made  at  the  2q-l  lines  (about  140 
kHz).  Three  lines  were  observed,  corresponding  to  qx,  qy,  and 
a  third  line,  labelled  qxy,  possibly  an  artifact  of  the  strong 
coupling  on  the  extraction  orbit.  Attempts  were  made  to 
reduce  the  coupling  by  use  of  a  sextupole  in  the  Accumulator, 
but  the  coupling  could  not  be  completely  eliminated. 
Minimization  of  the  quadrupole  signal  was  accomplished  by 
minimizing  the  quadrature  sum  of  the  three  oscillations.  By 
adjusting  the  current  on  a  series  of  quadrupoles  in  the 
beamline,  it  was  initially  possible  to  reduce  the  quadrupole 
signal  by  about  40%.  Results  of  a  typical  quadrupole  magnet 
scan  are  shown  in  Figure  3.  This  magnet  (D:Q907)  was 
initially  set  at  90.7  A;  the  quadrupole  signal  was  minimized  at 
83  A.  The  overall  quadrupole  amplitude  is  calibrated  in  terms 
of  the  amplitude  of  the  dipole  injection  oscillation  that  yields 
an  equivalent  signal.  A  rough  calculation  shows  that  the 
residual  signal  is  comparable  to  that  expected  for  the  emittance 
of  the  beam  delivered  by  the  Main  Ring  (10-15  pi-mm-mrad). 
For  example,  a  5.5-mm  effective  oscillation  amplitude 
apportuned  equally  to  both  planes  corresponds  to  an  oscillation 
in  each  plane  of  3.9-mm.  This  leads  to  an  estimate  for  the 
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Magnet  Current  [A] 

Figure  3.  Effect  on  quadrupole  signals  of  changing  current  in 
quadrupole  Q907.  The  amplitudes  of  the  three  peaks  are 
indicated.  RSS  is  the  quadrature  sum  of  the  amplitudes  of  the 
three  peaks. 

normalized  95%  emittance  of  15-pi-mm-mrad,  based  on  the 
expression[3] 

7C  +  (PAx'  +  oAx)^ 

The  calculation  utilizes  the  fact  that  the  quadrupole  pickup  is 
calibrated  to  deflections  at  beam  position  monitors,  at  which 
the  lattice  functions  are  P~30  m,  a«0.  The  implication  is  that 
the  quadrupole  signal  due  to  mismatch  was  reduced  to 
negligible  levels,  which  is  supported  by  the  fact  that  no  further 
improvement  could  be  made  by  varying  other  quadrupoles  in 
the  beamline.  Subsequent  measurements  and  adjustments  have 
been  required  to  retune  the  line  after  modifications  to  improve 
the  dispersion  match.  A  plot  of  the  Fourier  transform  of  the 
quadrupole  signal  before  and  after  a  series  of  adjustments  to 
reduce  the  signal  is  shown  in  Figure  4.  It  shows  a  reduction 
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Figure  4.  Quadrupole  signals  before  (dashed),  and  after  (solid) 
a  typical  tuning  session. 
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of  several  dB  in  the  signal  over  the  entire  range  of  the 
quadrupole  frequency.  The  horizontal  and  vertical  tunes  of  the 
injected  beam,  as  measured  by  the  dipole  Schottky  pickups, 
indicate  l-2q^  =  133  kHz,  and  l-2qy  =  148  kHz.  Thus  the  two 
large  peaks  in  the  profile  are  closely  identified  with  the 
horizontal  and  vertical  tunes. 

A  quantitative  comparison  of  the  quadrupole  oscillation  data 
with  a  beamline  model  was  performed  by  utilizing  the 
empirical  matching  conditions.  In  most  cases  the  predicted 
effect  of  a  magnet  was  predominantly  in  a  single  plane.  For 
these  cases  a  plot  was  made  of  the  lattice  functions  a  and  (3 
calculated  by  a  beamline  model  delivered  at  the  Accumulator 
end  of  the  beamline  for  the  conditions  under  which  the 
effective  oscillation  amplitude  derived  from  the  quadrupole 
signal  was  10%  greater  than  the  minimum  level  (points  of 
figures  5  and  6).  The  input  parameters  to  the  model  were  the 
lattice  functions  of  the  Main  Ring  as  determined  by  a  synch 
model.  The  result  was  then  compared  to  the  synch  model 
predictions  for  the  periodic  lattice  functions  of  the 
Accumulator  at  the  end  of  the  line.  Plotted  are  the  ellipses  for 
which  the  function  F=l.l,  (Equation  3)  representing  a 
theoretical  10%  emittance  growth  due  to  injection  mismatch. 


Figure  5.  Locus  of  points  for  a  horizontal  emittance  growth 
of  10%  due  to  mismatch. 


Figure  6.  Locus  of  points  for  a  vertical  emittance  growth  of 
10%  due  to  mismatch. 

Calculations  for  Pj^o=14.3,  a^=.54 

from  the  nominal  accumulator  model  (dots)  shows  a 
disagreement  with  the  data.  A  fit  to  the  data  (dashes)  is  also 
shown,  again  for  F=  1.1,  with  the  modified  parameters  P'^ 
=9.3,  a'o=-.22  and  P'o=7.3,  a'o=.36.  The  disagreement 

between  the  nominal  ellipse  and  the  fit  ellipse  reveals  residual 
errors  in  modeling  the  lattices  of  the  transfer  line  and  the  two 
rings.  The  precise  source  of  the  disagreement  is  under 
investigation. 
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contract  with  the  U.S.  department  of  Energy. 
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ABSTRACT 

The  extraction  of  a  small  flux  of  primary  protons  from  a 
collider  in  a  parasitic  manner  is  very  attractive  for  a  number  of 
fixed  target  applications.  The  key  requirements  of  the 
extracted  beam  are  small  average  currents  with  relatively 
small  temporal  variations.  At  this  time  a  bent  crystal  is 
installed  in  the  Tevatron  Collider  which  is  designed  to  channel 
protons  down  an  instrumented  beam  abort  transfer  line.  In 
this  paper  the  results  of  experiments  with  this  crystal  are 
presented.  The  impact  on  the  high  energy  physics  collider 
detectors  of  the  crystal  as  a  collimator  and  the  transverse 
mechanism  necessary  to  deposit  the  protons  into  the  crystal 
for  alignment  purposes  are  described 

1.  OVERVIEW 

The  E853  experiment  at  Fermilab  [3]  is  dedicated  to 
studying  the  feasibility  of  extracting  halo  particles  from  a 
collider  without  inducing  detrimental  losses  [4]  in  the 
dedicated  high  energy  physics  experiments.  Since  the 
installation  of  a  bent  crystal,  studies  have  been  aimed  at 
aligning  the  crystal  with  respect  to  the  beam.  Extracted 
particles  must  negotiate  a  relatively  narrow  aperture  to  enter 
the  CO  abort  line  in  which  scintillators,  silicon,  and 
fluorescence  detectors  are  placed.  In  addition,  a  set  of 
scintillators  exist  just  downstream  of  the  crystal  itself. 

IL  Kick  Mode  Crystal  Alignment 

In  order  to  determine  the  correct  angle  and  position  of  the 
crystal  with  respect  to  the  beam  and  the  narrow  extraction 
channel,  beam  was  sent  into  the  crystal  via  horizontal  kicks 
from  the  E17  proton  injection  kicker.  This  form  of  crystal 
studies  is  referred  to  as  kick  mode  [5].  The  geometry  of  the 
kick  mode  experiments  is  sketched  in  figure  1. 

It  turns  out  that  the  polarity  of  the  kicker  is  such  that  the 
sign  of  the  beam  position  on  the  first  beam  pass  of  the  crystal 
is  radially  inward,  away  from  the  crystal.  Given  the 
horizontal  tune  of  the  Tevatron  (displayed  in  figure  2),  the 
beam  should  impact  the  crystal  on  the  second  turn  after  the 
kick.  Figure  3  contains  the  results  of  a  calculation  of  the 


phase  space  position  of  the  kicked  bunch  at  the  crystal  on 
successive  turns.  As  a  result,  observing  a  loss  monitor  such  as 
one  of  the  scintillators  just  downstream  of  the  crystal,  nuclear 
interactions  with  the  crystal  should  produce  a  modulated  tum- 
by-tum  loss  pattern  reflecting  the  position  of  the  crystal  at 
each  turn  and  the  scattering  of  particles  on  previous  turns. 
Figure  4  contains  a  plot  of  the  calculated  loss  pattern 
generated  by  a  multiparticle  computer  simulation  program. 


Horizontal  Bunch  Position 


Figure  1 :  Sketch  of  the  kick  mode  geometry  for  crystal 
extraction  tests. 


Figure  2:  Horizontal  betatron  tune  signal  in  the  Tevatron 
during  kick  mode  studies.  The  cursor  is  sitting  at  the  tune 
20.5795  and  the  full  span  of  the  plot  is  0.1  units  of  tune. 
The  vertical  scale  is  1  dB/div. 

Figure  5  contains  a  close-up  of  the  first  few  turns  of  the 
prediction  plotted  in  figure  4.  As  expected,  on  the  first  turn 
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there  is  no  signal  and  on  the  second  turn  the  maximum  signal 
is  expected.  This  prediction  should  be  compared  with  the 
measured  data  presented  in  figure  6,  in  which  the  beam  was 
kicked  by  approximately  0.5  mm  at  900  GeV.  Note  that  the 
agreement  is  only  qualitative. 
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Figure  3:  Calculation  of  the  phase  space  position  and 
angle  (arbitrary  units)  of  the  beam  at  the  crystal  after 
being  horizontdly  kicked  by  the  E17  kicker  magnet. 


Figure  4:  Predicted  tum-by-tum  losses  in  a  proportional 
detector  just  downstream  of  the  crystal. 
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Beam  Revolutions  after  Kick 
Figure  5:  Close-up  of  the  prediction  presented  in  figure  4. 
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Beam  Revolutions  after  Kick 

Figure  6:  Particle  shower  amplitude  in  a  scintillator  just 
downstream  of  the  crystal  on  the  first  10  turns  of  the 
beam  past  the  crystal  after  the  beam  kicker  fired. 


Beam  Revolutions  after  Kick 

Figure  7:  Expanded  view  of  the  observed  data  displayed 
in  figure  6. 


Another  disagreement  between  calculation  and 
observation  can  be  seen  by  comparing  figures  4  and  7.  The 
long  term  evolution  of  the  losses  can  sometime  be  completely 
different,  with  Tevatron  losses  just  downstream  of  the  crystal 
persisting  for  up  to  a  minute.  At  other  times  there  are  no  long 
term  losses  observed  and  the  measured  data  trails  off  in  a 
manner  very  similar  to  that  calculated. 

Attempts  to  observe  channeled  particles  in  the  CO 
extraction  line  have  not  been  definitive  to  date.  After  a  few 
short  Tevatron  study  periods,  in  which  kick  mode  scans  of 
vertical  crystal  angle  and  position  were  executed,  no  clearly 
identifiable  signal  enhancement  has  been  observed.  On  the 
other  hand,  a  great  number  of  strange  and  unexpected  tum-by- 
tum  loss  profiles  have  been  recorded. 

For  example,  in  a  situation  in  which  the  output  of  a 
scintillator  in  the  extraction  line  looks  similar  to  the  pattern 
displayed  in  figure  4,  after  about  50-70  turns  the  loss  signal 
begins  to  grow  again  to  approximately  one  third  or  one  quarter 
of  its  original  amplitude.  This  may  be  the  effect  of  channeling 
particles  which  have  been  sufficiently  scattered  that  their 
angles  are  sometimes  big  enough  with  respect  to  the  closed 
orbit  to  correctly  enter  a  misaligned  crystal  and  be  channeled 
out  of  the  Tevatron, 
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Figure  8:  Longitudinal  beam  distribution  as  measured  by 
a  broadband  resistive  wall  monitor  and  oscilloscope.  The 
scale  of  the  time  axis  is  2  nsec/div. 
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Figure  9:  Original  horizontal  beam  size  at  the  Ell  flying 
wire  (0.66  mm)  and  emittance  (26.57  n  mmmr  95% 
normalized)  before  the  bunch  has  been  kicked.  At  this 
time  the  vertical  beam  size  at  the  Ell  flying  wire  is 
0.66  mm  with  an  emittance  of  32.5  n  mmmr. 

Repeated  attempts  to  measure  any  sign  of  channeled 
particles  have  proven  fruitless.  The  present  suspicion  is  that 
there  is  an  aperture  restriction  somewhere  in  the  extraction 
channel.  At  the  same  time,  considerable  effort  is  being 
directed  toward  better  simulations.  Some  future 
improvements  may  include  more  accelerator  effects  such  as 
Main  Ring  ramp  induced  Tevatron  beam  motion  and 
horizontal-vertical  coupling.  To  verify  that  the  kicker  is 
performing  correctly,  tum-by-tum  beam  position  data  and 
flying  wire  profiles  of  the  beam  were  measured. 

Figure  8  shows  the  longitudinal  length  of  the  bunch. 
Figures  9  and  10  document  the  amount  of  emittance  growth 
that  is  suffered  by  the  beam  (vertical  size  is  also  measured  by 
not  shown)  after  a  large  number  of  kicks. 


Figure  10:  Horizontal  beam  size  at  the  Ell  flying  wire 
(1.17  mm)  and  emittance  (92.9  7C  mmmr  95% 
normalized)  after  many  kicks.  At  this  time  the  vertical 
beam  size  at  the  Ell  flying  wire  is  1.2  mm  with  an 
emittance  of  109  k  mnunr. 


III.  Future  Work 

One  of  the  leading  problems  with  the  present 
experimental  configuration  is  the  absence  of  a  gated  CCD 
array  or  camera  monitoring  the  spatial  distribution  going 
down  the  extraction  line.  It  is  imperative  that  instrumentation 
suitable  to  accelerator  physicists  is  given  priority.  In  addition, 
a  simulation  which  explains  some  of  the  mysterious  patterns 
in  the  tura-by-tum  data  is  needed. 
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Abstract 

The  possibility  of  abrupt  bending  with  crystal  of  a  beam  frac¬ 
tion  at  a  large  angle  allows  to  organize  over  a  short  base  a  non- 
traditional  beam  line  for  carrying  out  the  physical  experiments. 
At  IHEP,  a  150  mrad  bent  crystal  was  used  this  way  to  create  a  test 
area,  to  work  in  parallel  with  other  set-ups  consuming  practically 
no  power. 

L 

Nowadays  bent  single  crystals  of  silicon  are  applied  to  control 
high-energy  particle  beams.  As  noted  in  [1]  the  feature  of  the 
beam  bending  with  crystals  is  the  independence  of  the  crystal 
deflector  strength  ©  =  Ld/Rc  ^  0.5  rad  of  the  particle 
energy  (Lo  is  dechanneling  length,  Rc  is  the  critical  radius). 

The  possibility  of  abrupt  bending  with  crystal  of  a  beam  frac¬ 
tion  at  a  large  angle  allows  to  organize  over  a  short  base  a  non- 
traditional  beam  line  for  carrying  out  the  physical  experiments 
both  in  any  operating  accelerators  and  in  any  accelerators  under 
construction. 

At  IHEP,  a  150  mrad  bent  crystal  was  used  this  way  to  cre¬ 
ate  a  new  test  area.  The  scheme  of  the  crystal  beam  line  and 
experimental  setup  is  shown  in  Fig.l. 


the  high  quality  of  beam,  low  emittance  and  good  stability,  are 
achieved  on  the  plane  of  the  deflection  ("band”  beam). 

In  the  first  operating  run  of  the  new  test  area,  the  intensity  of 
incident  protons  in  beam  line  N8  was  2  •  lO^^p/c.  About  10^® 
particles  hit  the  crystal.  In  these  conditions  the  number  of  parti¬ 
cles  bent  with  crystal  and  measured  by  the  scintillator  counters 
was  ^  5  •  10^  p/c.  That  is  in  accordance  with  a  calculation.  The 
orientation-independent  component  of  the  signal  (background 
particles)  from  10  x  10  cm^  size  counters  did  not  exceed  3  % 
of  the  channeled  beam.  The  profiles  of  the  deflected  beam  mea¬ 
sured  by  chamber  D2  are  shown  in  Fig.2.  The  constructed  test 


Figure.  1.  The  scheme  of  crystal  beam  line  and  experimental 
setup:  5/1,  5/2  -  deflecting  and  testing  crystals,  Mi,  M2  -  cor¬ 
rector  magnets,  BS  -  beam  stopper,  Di,  D2  -  proportional 
chambers,  K  -  collimator,  Si —84  -  scintillator  countes.  Cl, 
C2  -  microstrip  detector  stations,  X  -  beam  absorber. 


Figure.  2.  Profiles  of  beam  in  horizontal  (x)  and  vertical  (y) 
planes. 

area  will  allow  to  continue  the  channeling  experiments.  In  partic¬ 
ular,  it  may  be  used  for  carrying  out  the  programs  on  studying  the 
channeling  properties  of  the  crystals,  for  increasing  the  efficiency 
of  beam  deflection  and  focusing,  and  for  testing  the  microstrip 
detectors.  Notice  that  channeled  beams  are  very  suitable  for  a 
microstrip  detector  calibrating  because  they  have  low  emittance 
and  high  stability. 

The  new  test  area  consumes  practically  no  power.  It  allows  to 
work  in  parallel  with  other  beam  lines  without  any  influence  on 
the  work  of  the  other  physical  set-ups. 

This  work  was  supported  by  the  Russian  Fund  for  Basic  Re¬ 
search. 


A  100  mm  long  Si  (1 10)  crystal,  placed  on  beam  line  N8  and 
inserted  in  the  halo  of  the  intense  70  GeV/c  beam,  has  extracted 
10^  protons/sec  beyond  the  2-meter  iron-concrete  shield  along 
the  ~20  m  base.  Background  particles  emerging  in  the  direc¬ 
tion  of  a  bending  angle  of  the  crystal  are  some  tens  lower  on 
energy  (Ps  ~  3  Gevjc)  than  primary  protons.  It  is  not  difficult 
to  subtract  these  secondary  particles  and  it  is  done  with  two  small 
corrector  magnets  Ml  and  M2,  collimator  K  and  a  narrow  colli- 
mation  hole  in  the  iron-concrete  shield  of  the  beam  line.  Hereat 
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Abstract 

Nowadays  bent  crystals  are  widely  applied  for  high  energy  beam 
steering.  Some  problems,  like  the  extraction  of  particles  from  a 
large  hadron  collider,  imply  a  high  perfection  of  the  crystal  near¬ 
surface  layer.  In  this  work  we  have  measured  precisely  the  pro¬ 
files  of  the  beam  bent  by  crystal,  with  use  of  nuclear  emulsions. 
The  inefficient  layer  measured  for  several  crystals  is  as  thick  as 
c:::  50//m.  There  was  observed  also  a  specific  mosaics  of  crystals 
near  the  ends,  which  has  led  to  the  angular  perturbations  of  the 
bent  beam  exceeding  the  critical  angle  of  channeling. 

I. 

Nowadays  the  bent  monocrystals  are  widely  applied  for  high 
energy  beam  steering  [1],  Experiments  [2-4]  have  shown  that 
deflection  efficiency  and  dechanneling  length  for  GeV  particles 
are  close  to  theoretical  predictions,  that  is,  silicon  crystals  in  the 
bulk  are  close  to  ideal. 

However,  some  problems  like  a  particle  extraction  from  a 
large  hadron  colliders,  demand  a  high  perfection  of  the  near- 
surface  layer  of  a  crystal.  The  width  of  the  layer  inefficient  for 
channeling,  due  to  the  crystal  machining,  affects  the  efficiency 
of  particle  extraction. 

From  measurements  with  X-ray  diffraction  it  is  known  that 
the  width  of  near-surface  amorphous  layer  in  good  polished 
crystal  does  not  exceed  Ifim.  However,  it  is  unknown  so 
far,  how  efficient  may  be  the  channeling  of  high  energy  particles 
in  the  crystal  layer  adjacent  to  its  surface.  In  the  present  work  a 
direct  measurement  of  the  width  of  the  unchanneling  layer  has 
been  performed  for  several  crystals  of  silicon  and  germanium.  A 
specific  kind  of  mosaicity  near  the  crystal  faces  was  observed, 
which  lead  to  the  angular  perturbations  of  the  bent  beam  in  ex¬ 
cess  of  the  critical  angle  of  channeling. 

Precise  measurement  of  the  bent-beam  profile  was  performed 
by  use  of  a  few  layers  of  the  nuclear  photo  emulsion,  placed 
at  different  distances  downstream  of  the  crystal.  The  grain  size 
(the  track  width)  of  the  photoemulsion  in  use  amounts  about 

0.5//m,  which  is  more  than  one  order  better  than  resolution 
of  typical  coordinate  detectors  (microstrips  and  drift  chambers). 

There  were  tested  several  crystals  as  long  as  ^  5cm  of  various 
thickness,  from  300  //m  to  2  mm,  bent  at  the  angles  of  ^  10  -r- 
20  mrad.  The  miscut  angle  of  the  crystal  slabs  was  less  than  1 
arc  minute.  The  crystal  bending  was  made  with  a  well-known 
’’Serpukhov”  device  [5].  The  crystal  ends  had  the  long  (^  1cm) 
straight  parts  to  avoid  deformation  of  faces  caused  by  a  bending 
stress.  The  incident  protons  had  a  divergence  ~  1  mrad  much 
greater  than  Lindhard  angle  to  assure  a  uniform  illumination  of 
the  crystal  entrance. 

The  first  tested  crystal  as  thick  as  700yim  has  shown  a  strange 


Figure.  1 .  The  image  the  bent  beam  splitted  in  two  parts  (the 
distance  from  the  crystal  ~  0.5m). 

result:  the  bent  beam  was  splitted  in  two  parallel  parts  (see 
Fig.l). 

By  dividing  the  variables  (changing  the  bending  angle,  vary¬ 
ing  the  lengths  of  the  crystal  straight  ends,  modifying  the  shape 
of  the  crystal  faces)  it  was  discovered  that  the  cause  of  the  an¬ 
gular  perturbations  was  an  unflat  shape  of  the  crystal  exit  face, 
where  the  master  has  bevelled  the  edges  on  each  side  for  his 
convenience. 

The  different  shapes  of  a  crystal  end  face  (cross-section  in 
the  plane  of  beam  bending),  and  the  qualitative  scheme  of  the 
particle  emerged  angles,  reconstructed  with  the  use  of  several 
emulsions  were  shown  in  Fig.2. 

The  analysis  of  beam  profiles  on  emulsions  has  shown  that 
the  sharp  bumps  on  the  face  cause  the  70  GeV  beam  deflection 
at  a  ^  1  mrad.  This  indicates  on  the  crystal  lattice  distortions  at 
a  depth  h  ^  {SRc)  x  a  =  50cm  x  Imrad  =  0.5mm.  Here  we 
adopt  (3iic),  the  bending  radius  equal  to  the  three  critical  ones, 
as  the  radius  when  an  efficient  channeling  is  possible  (at  smaller 
radii  of  planes  deformation,  the  particles  will  be  dechanneled 
and  will  not  give  such  a  correlated  picture,  as  one  sees  from  the 
figures). 

The  crystals  with  classic  flat  faces  (Fig.2a)  did  not  show 
such  strong  effects  (except  for  the  places  of  accidental  breaks 
on  edges  to  cause  sizable  distortions).  Fig.3  shows  the  bent 
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Figure.  2.  Demonstration  of  the  "shape  effect”. 


Figure.  3.  The  bent-beam  profiles  for  several  crystals  with  flat 
end  faces  at  the  distance  of  15cm  (bottom)  and  ~  Im  (top). 
The  bottom  part  of  the  Figure  shows  also  the  corresponding 
thicknesses  of  crystals. 


beam  profile  evolution  downstream  of  the  crystals.  There  are 
presented  the  data  from  emulsions  positioned  ^15  cm  (bottom 
profiles)  and  ^1  m  (top  profiles)  apart  the  flat  exit  faces  of  the 
crystals,  developed  by  the  microphotometer.  The  further  devel¬ 
opment  of  the  beam  image  on  the  emulsions,  by  counting  the 
particle  tracks  directly  under  microscope,  has  shown  that  the 
beam  borders  are  very  sharp,  <  lO^m,  and  its  size  is  equal  to  the 
FWHM  of  the  profiles  handled  by  the  microphotometer.  From 
con:5)aring  the  beam  images  on  the  nearest  emulsions  with  the 
crystal  thickness,  it  was  found  that  all  the  tested  crystals  have 
a  measurable  unchanneling  layer  (see  Table  1),  which  has  the 
width  in  the  range  40  to  60  //m.  (Notice  that  a  loss  of  the  useful 
cross-section  due  to  the  miscut  angle  was  smaller  than  ^  lOfim 
on  each  side  of  crystal). 

The  channeled  beam  in  the  plane  of  bending  had  no  apprecia¬ 
ble  angular  distortion  as  in  the  case  with  an  unflat  faces,  but  it 


was  not  ideally  uniform,  neither.  At  the  distance  of  -^1  m  from 
the  crystal  there  was  observed  a  fragmentation  of  the  beam  into 
separate  zones  as  wide  as  ^  100/im  (see  Fig.3  and  4a). 

The  observed  angular  distortions  a  ~  lOO/^rad  in  this  case 
are  due  to  the  lattice  deformation  at  a  depth  of  (3iic)  x  (^ 
lOOfirad)  =  50/im  on  the  crystal  end  face.  The  visual  image  of 
typical  fragmented  beam  in  Fig.4a  strongly  reminds  the  charac¬ 
ter  of  the  surface  defects  at  the  crystal  face.  The  photograph  of 
this  face  under  microscope  is  shown  in  Fig.4b. 

The  side  faces  of  the  crystals  were  polished  better  (a  surface 
roughness  <  0-05//m),  but  also  had  several  cracks  as  wide  as 
<  l//m,  like  at  the  end  faces.  One  may  suppose  that  these  cracks 
define  the  presence  of  an  inefficient  layer  ~  50//m  observed  in 
experiment. 

We  briefly  conclude  as  follows.  In  the  course  of  the  studies 
we  have  observed: 

A).  The  ’’shape  effect”,  which  is  the  fact  that  a  nonflatness  of 
the  end  face  shape  leads  to  a  strong  angular  perturbation  (much 
greater  than  Lindhard  angle)  of  the  beam  downstream  of  the 
crystal.  A  convex  surface  leads  to  particle  focusing,  while  a 
concave  surface  leads  to  defocusing.  We  emphasize  that  this  ef¬ 
fect,  observed  in  bent  crystals,  is  due  to  just  the  end  face  shape 
of  a  crystal,  and  does  not  depend  on  the  crystal  bending  angle. 

B) .  The  effect  of  beam  fragmentation,  that  is,  of  local  angular 
perturbations  of  the  beam  of  order  of  the  critical  angle  of  chan¬ 
neling,  which  occurs  even  at  a  flat  face  if  the  surface  is  polished 
with  worse  accuracy.  On  the  background  of  local  angular  dis¬ 
tortions,  no  global  effects  were  seen,  as  opposed  to  the  case  of 
a  nonflat  face.  It  is  not  excluded  that  a  violation  of  the  plane 
parallelity  may  be  present  with  a  flat  face  also,  as  a  result  of  an 
edge  effect.  This  point  requires  a  further  study,  since  it  is  quite 
important  for  bending  highly-parallel  beams  (for  instance,  for  a 
beam  extraction  from  supercolliders). 

C) .  The  presence  of  an  unchanneling  layer  near  the  side  faces 
^  50/im,  defined  by  the  quality  of  the  surface  polishing. 

Further  investigation  should  show  how  far  can  the  parameters 
of  the  bent  beams  be  improved  with  a  better  accuracy  of  the 
surface  polishing. 

One  should  expect  at  higher  energies  ~  1  TeV  the  beam  frag¬ 
mentation  to  be  hardly  seen,  because  the  oscillation  period  of 
the  channeled  particle  A  100//m  starts  to  exceed  the  depth  of 
the  lattice  deformation  at  a  face  of  crystal.  But  the  thickness  of 
the  inefficient  layer  may  increase  with  energy. 

As  shown  in  [7],  the  problem  of  a  non-zero  inefficient  layer  is 
important  for  a  crystal  extraction  of  protons  from  a  large  hadron 
colliders. 

The  presence  of  an  inefficient  layer  ^  50//m  may  sizably 
decrease  (by  50%)  the  efficiency  of  proton  extraction  from  a 
multy-TeV  collider;  the  layer  with  a  thickness  greater  than  a 
hundred  fim  reduces  the  efficiency  by  almost  an  order. 

The  authors  express  their  gratitude  to  the  experts  of  PNPI  for 
production  of  the  monocrystal  slabs. 

This  work  was  supported  by  the  Russian  Fund  for  Basic  Re¬ 
search. 
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Table  I 

Characteristics  of  crystals  and  size  of  the  bent  beams. 


Type  of 
crystal 

Length 

mm 

Thick¬ 
ness  fim 

Beam 
size  fim 

Inefficient 
layer  //m 

Si(llO) 

25 

300 

215 

42 

Si(lll) 

30 

520 

435 

42 

Ge(110) 

17 

600 

510 

45 

Si(lll) 

47 

650 

550 

50 

Si(lll) 

80 

700 

580 

60 

Si(lll) 

28 

1970 

1850 

60 
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Figure.  4.  b)-  The  amplified-with-microscope  photograph  of 
the  crystal  fiat  end  face  for  the  thickness  of  1970  /im.  a)-  The 
images  of  the  beam  bent  with  this  crystal,  at  the  distance  '^l  m 
(bottom),  and  at  ^  0.5m  (top). 
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BEAM  EXTRACTION  WITH  USING 
OF  VOLUME  REFLECTION  EFFECT  IN  CRYSTALS 

I.YAZYNIN,  IHEP,  PROTVINO,  MOSCOW  REGION,  142284,  RUSSIA 


Abstract 

The  new  possibility  of  the  slow  beam  extraction  from  circular 
accelerators  with  using  effect  of  volume  reflection  is  presented 
in  this  work.  The  analytical  and  computation  calculations  show 
that  efficiency  of  such  extraction  for  UNKl  may  achieve  ~  95% 
for  two  techniques  differing  by  various  orientations  of  the  nu¬ 
clear  planes  with  respect  to  the  beam.  Unlike  of  traditional  ex¬ 
traction  with  the  help  of  channeling  effect  it  is  not  so  critical  for 
angle  alignment,  thermal  overloading,  availability  of  perfection 
of  crystal  lattice  and  surface, 

L  INTRODUCTION 

Tendency  of  application  of  bent  monocrystal  for  a  slow  ex¬ 
traction  of  a  beam  from  circular  accelerators  with  using  chan¬ 
neling  effect  of  particles  [1,2]  was  recently  scheduled.  Main 
difficulties  of  such  extraction  are  necessity  of  exact  angular  po¬ 
sition  maintenance  of  a  crystal  concerning  a  beam  and  use  of 
high  purity  monocrystal  with  an  ideal  surface.  By  use  of  volume 
reflection  effect  the  adjustment  and  work  of  a  system  is  simpli¬ 
fied,  as  the  efficiency  of  extraction  does  not  practically  depend 
on  angular  alignment  of  target  and  quality  of  monocrystal  man¬ 
ufacturing. 

In  this  work  two  variants  of  plate  crystal  arrangement  con¬ 
cerning  a  beam  are  investigated.  In  first  (fig.  1(1))  particles  of  a 
beam  are  stepsized  normal  to  the  nuclear  planes,  and  in  second 
in  parallel  (fig.  1(2)). 

As  well  as  in  case  of  conventional  slow  noneresonance  ex¬ 
traction  by  a  bump-magnets  system  or  otherwise  the  particles 
of  a  beam  are  guided  slowly  to  a  target  consisting  from  one  or 
several  bent  monocrystal  plates  situated  on  a  course  of  a  beam. 
Deviating  in  a  target  on  some  angle  the  particles  through  some 
turns  fall  in  a  clearance  of  a  septum  and  are  extracted.  During 
the  extraction  the  part  of  particles  leaves  owing  to  their  nuclear 
interactions  with  the  crystal  r/cy  other  fall  on  a  septum  partition 
fjg,  and  part  put  down  on  the  equipment  of  accelerator  that  is 


Figure.  1.  The  circuit  of  beam  extraction  for  two  variants  of 
crystal  arrangement. 
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Figure.  2.  Average  angular  deviation  ??  (1)  and  root-mean- 
square  scattering  of  protons  cr(2)  versus  radius  of  curvature  R 
of  a  crystal. 

value  of  complete  losses:  rj  =  rjc  +  7]s  rja. 

The  optimum  quantity  of  used  crystals,  from  the  view  point 
of  a  losses  minimum,  depends  on  energy  and  sizes  of  a  beam, 
thickness  of  a  septum  partition  and  longitudinal  sizes  of  crystal. 

We  shall  consider  how  volume  reflection  of  particles  in  a  bent 
monocrystal  occurs.  At  hit  of  particles  in  a  bent  monocrystal 
body  under  the  large  angle  to  source  nuclear  planes  they  cross 
them  so  long  as  transverse  energy  will  not  become  less  than  po¬ 
tential  energy  of  nuclear  plane  eUn,  then  they  will  be  reflected 
from  appropriate  planes  and  will  acquire  a  change  of  transverse 
energy  AE  <2eUn^  Tlie  average  angular  deviation  of  particles 

will  be  \/2  •  and  if  on  a  course  of  a  beam  we  shall  put 
N  bent  plates,  with  radius  of  curvature  considerably  more  than 

critical  ♦  \/2  •  The  dependencies  of  average  angular 

deviation  ??  (1)  and  root-mean-square  scattering  of  protons  cr(2) 
from  radius  of  curvature  R,  received  by  the  computer  modeling 
at  volume  reflection  of  particles  on  the  crystal  Si(l  10),  with  the 
consideration  of  only  nuclear  planes  potential,  is  indicated  on 
fig.2. 

The  particles,  which  have  the  angle  of  fall  with  an  external 
surface  of  bent  monocrystal  less  than  critical  will  be  re¬ 
flected  from  it.  Such  particles  at  realization  of  a  multitum  ex¬ 
traction  will  be  less  than  0.1%.  The  particles  will  be  reflected 
from  a  crystal  surface  if  size  of  impact  parameter  A  <  •  i?. 

IL  COMPUTER  SIMULATION  RESULTS  OF 
EXTRACTION 

ITie  calculation  of  extraction  was  made  with  the  help  of  pro¬ 
gram  complex  "SCRAPER”  [3].  The  trajectories  of  particles 
in  a  crystal  were  defined  by  the  numerical  decision  of  move¬ 
ment  equations  in  field  of  bent  nuclear  planes  in  view  of  multiple 
Coulomb  scattering  on  electrons  and  nucleuses,  electromagnetic 
radiation  and  nuclear  interactions.  The  movement  of  particles  in 
an  accelerator  was  simulated  by  matrix  method.  In  computer  ex¬ 
periment  a  halo  proton  beam  is  guided  slowly  toward  the  deflec- 
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Figure.  3.  Extraction  efficiency  versus  quantity  of  used  crystals 
in  the  first  variant. 


Figure.  4.  Extraction  efficiency  versus  displacement  of  a  sep¬ 
tum  in  the  first  variant. 


Figure.  5.  Extraction  efficiency  in  the  second  variant. 


Figure.  6.  Extraction  efficiency  versus  frequency  of  betatron 
oscillations  in  the  first  variant. 


tor.  Computer  modeling  of  extraction  process  has  shown,  that 
the  most  optimum  from  the  view  point  of  minimization  losses, 
to  use  2-3  silicon  crystals  of  long  5mm  each  for  the  first  stage 
and  4-5  for  the  second  (fig.3)  by  use  of  electrostatic  septum  with 
thickness  of  0.2nun. 

Calculated  dependencies  of  extraction  efficiency  from  the  dis¬ 
placement  dx  of  a  crystal  from  a  septum  (fig.l)  for  the  first  and 
second  variant  are  shown  on  fig.4  and  5.  The  target  needs  to  be 
put  closer  to  a  septum  as  in  this  case  average  number  of  parti¬ 
cle  passages  through  it  decreases,  that  is  drops  t/c  and  impact 
parameter  of  particles  on  a  septum  is  increased,  that  results  in 
decrease  of  losses  on  it. 

The  extraction  efficiency  is  also  influenced  with  frequency  of 
betatron  oscillations  (fig.6  and  7). 

The  heaviest  extraction  efficiency  occurs  in  a  region  of  the 
betatron  oscillations  frequency  Qr  0.7  —  0.73. 

It  is  explained  by  that  the  particles  scattered  on  a  crystal  fall 
through  4  turns  on  a  septum  with  a  reasonably  large  impact  pa¬ 
rameter.  The  significant  increase  of  losses  near  to  resonance 
lines  of  the  betatron  oscillations  Qr  m  =  n\s  observed,  that 
is  explained  by  that  of  a  scattered  particle  through  n  turns  will 
get  on  a  phase  plane  almost  in  a  same  place  and  the  impact  pa¬ 
rameter  of  particles  on  a  septum  decreases. 

III.  TARGET  HEATING 

At  slow  guiding  of  a  beam  on  a  target  almost  all  particles 
fall  on  forward  edge  of  a  crystal  by  thickness  a  few  microns. 
Whereas  the  length  of  a  target  on  a  beam  much  less  nuclear  and 
radiating, the  energy  deposition  density  of  proton  dEjds  is  in¬ 
significant  and  is  weak  depends  on  its  energy  and  length  of  tar¬ 


get.  Escaped  heat  stationary  spread  over  to  lateral  surfaces  of  a 
crystal  and  is  removed  through  the  holders  or  substrate(fig.l)  in 
case  of  target. 

The  value  of  the  energy  released  into  the  crystal  during  slow 
extraction  can  be  estimated  as  AE*  =  dEjds  x  11^  where 

/  =r  /o  AT  is  the  number  of  protons  hitting  the  front  surface, 

iV  -average  number  of  proton  passages  through  a  crystal.  If  is 
not  present  heat  removal,  or  in  case  of  emergency  at  beam  ex¬ 
traction  for  some  dozens  of  turns,  the  heating  of  a  crystal  will 

be:  AT  =  dEjdsx  N  hjpCpSy  where  p  and  Cp  -  density 
and  heat  capacity  of  a  crystal  substance,  S  -  its  cross  area.  In  our 

case  the  value  1  and  if  the  total  intensity  beam/  =  610^'^p 
is  dumped  on  crystal  with  S  =  hy6^  IQ  x  2mm?  its  heating 
is  AT  «  1500®C  that  is  even  more  than  the  melting  tempera¬ 
ture,  Si  (J'mei  =  1410°C),  where  h  is  height  of  a  crystal,  S  is 
its  thickness.  That  is  in  emergency  it  is  necessary  to  provide  a 
beam  abort,  that  a  large  part  of  beam  intensity  to  extract  from 
accelerator  before  interaction  it  with  target. 

We  shall  assume,  that  the  beam  particles  cross  the  area  of  a 
crystal  face  by  the  size  ^  2z  in  regular  intervals,  where  z  is  half¬ 
size  of  a  beam  in  a  cross  plane  perpendicular  to  output.  Then  for 
the  first  variant  of  extraction,  in  case  of  removals  warm  through 
a  substrate,  the  heaviest  heating  will  be  on  edge: 


AT  = 


dEjds  ♦  18 
2tXz  ’ 


(1) 


Where  A  -  specific  heat  conductivity  of  a  crystal. 

Crystal  Si  (1 10)  heat  up  to  value  AT  lO^C,  at  an  extraction 
of  complete  beam  intensity  from  UNKl  (z~4mm)  by  duration 
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Figure.  7.  Extraction  efficiency  versus  frequency  of  betatron 
oscillations  in  the  second  variant. 


Figure.  8.  The  distribution  of  scattered  protons  on  amplitudes 
on  collimators  and  equipment. 


The  heating  of  a  crystal  does  not  exceed  some  dozens  of  de- 
grees  at  a  beam  extraction  of  complete  intensity  in  twenty  sec¬ 
onds  . 
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t=20  second.  In  case  of  heat  removal  from  lateral  surfaces  the 
value  of  a  heating  will  increase  in  some  times. 

In  the  second  variant  of  beam  extraction,  at  good  cooling  of 
back  surfaces  of  a  crystal(fig.l),  the  heating  as  is  insignificant  - 
some  dozens  of  degrees. 

IV.  ANOTHER  USING 

The  effect  of  volume  reflection  in  monociystal  can  be  used 
in  a  scraper  system.  Then  by  use  of  a  bent  crystal  in  as  the 
scattering  target  the  output  of  high  energy  protons  from  a  system 
(target  and  scraper)  can  be  reduced  on  the  order,  that  it  is  very 
important  in  case  of  superconducting  accelerator  operation. 

The  appropriate  distributions  of  protons  on  amplitudes,  scat¬ 
tered  from  the  system  with  Cu  scraper  and  lost  on  the  equipment 
and  collimators  UNK,  are  shown  on  fig.8. 

V.  CONCLUSION 

Computer  modeling  has  shown,  that  the  efficiency  of  a  beam 
extraction  for  UNK  with  use  of  volume  reflection  effect  in  the 
first  variant  of  target  arrangement  will  be  /  95%  for  the  first 

and  ^  90%  for  the  second  stage,  at  effective  thickness  of  a  sep¬ 
tum  partition  cr  =  0.2.  The  losses  of  particles  from  the  nuclear 
interactions  in  this  case  will  be  ~  3  and  5%,  and  on  septum  par¬ 
tition  less  than  1  and  2%  for  first  and  second  stage  accordingly. 
At  the  second  variant  of  a  crystal  arrangement  the  efficiency  on 
some  percents  will  be  less  than  in  first.  Calculations  have  shown 
that  by  similar  use  of  amorphous  scattering  target  the  total  losses 
will  increase  more  than  in  two  times. 
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Abstract 

A  bent  Si  crystal  placed  before  the  first  septum-magnet  (SM- 
18)  of  the  IHEP  accelerator  (A-70)  available  slow  extraction 
scheme  allowed  one  to  extract,  for  physical  experiments,  a  part 
of  protons  that  used  to  be  lost  at  the  septum-magnet  aperture 
boundaries  in  the  non-resonant  slow  extraction  mode.  In  this 
mode  up  to  3  •  10®  protons  were  extracted  additionally.  This 
is  about  10-30%  of  intensity  extracted  towards  channel  A/'^22 
without  the  bent  crystal.  Use  of  unbent  crystal  as  an  amorphous 
target  results  in  a  decrease  of  the  extracted  beam  intensity. 

L  Introduction. 

Nonresonant  slow  extraction  (NRSE)  of  protons  from  the 
A-70  made  it  possible  to  carry  on  experiments  with  hadron 
beams  for  the  experimental  setups  FODS-2,  SWD  and  SPHINX 
[1^]  at  extracted  beam  intensity  of  10®  -:- 10^  protons  per  cycle 
(ppc)  and  duration  of  extraction  by  2s.  But  for  experiments  with 
electron  beams  for  setups  FODS-2  and  SWD  higher  intensity  is 
desirable. 

It  turned,  number  of  extracted  particles  can  be  increased  with 
the  bent  Si  crystal  placed  upstream  of  the  SM-18.  In  distinction 
to  the  direct  beam  extraction  regime  (see,  for  example,[5]), 
possibilities  of  this  mode  prove  an  existence  of  other  methods 
of  using  bent  crystals  to  extract  beams  from  high  energy 
accelerators  for  physical  experiments.  In  the  article  the  scheme 
of  extraction  as  well  as  the  obtained  results  are  presented. 

11.  The  scheme  of  a  beam  jump  over  the  septum. 

The  NRSE 

scheme  is  shown  somewhere(see,for  example, [2,3]).  Necessary 
deflection  of  a  circulating  beam  towards  the  septum-magnets  is 
made  by  a  local  distortion  (bump)  of  a  closed  orbit  [6].  It  is 
clear  that  part  of  a  beam  is  lost  on  the  septum  of  the  SM-18  due 
to  its  finite  thickness,  while  some  of  particles  are  lost  on  other 
septum-magnet  aperture  boundaries.lt  proved  to  be  possible  to 
diminish  losses  by  means  of  a  bent  Si  crystal  of  3  cm  long,  2  mm 
thick,bentby  angle  ~  2,5  mrad  along  the  (110)  axis  and  placed 
at  a  distance  about  40  cm  upstream  of  the  septum.  Disposition  of 
the  septum-magnet  and  the  bent  crystal  in  the  SS-18  is  shown 
in  fig.l. 

This  scheme,  if  the  input  end  (a  face)  of  a  crystal  is 
perpendicular  to  the  circulating  beam,  would  allow  for  particles, 
to  hit  the  septum  but  proved  to  be  captured  into  channeling,  to 
get  displacement  for  one  passage 

ARcr  =  L  •  Qcr  «  1mm,  (1) 

*The  results  presented  in  this  work  were  obtained  in  part  by  Grant 
AT^RMKOOO  from  the  International  Science  Foundation. 
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Figure.  1 .  Disposition  of  the  septum-magnet  and  bent  crystal.  1 
is  the  SM-18  aperture,  2  is  the  crystal,  3  is  nonlinear  field  zone 
of  a  magnetic  block  N^IS;  a  and  b  mark  the  crystal  position 
inside  and  outside  of  the  septum,respectively.The  vertical  lines 
show  the  edges  of  magnetic  blocks;  a  broken  line  is  an  injection 
beam  envelope.  A  bender  of  a  crystal  is  similar  to  that  used  in 
[5]. 

where  L  is  a  distance  from  crystal  to  septum-magnet  along  a 
closed  orbit,  ©cr  is  a  crystal  bend  angle. 

At  thickness  of  the  septum  ~  0.5  mm  this  displacement  is 
enough  for  particles,  going  parallel  to  the  septum  and  captured 
into  a  channeling  mode,  to  jump  into  the  SM-18  aperture.  In 
our  case  the  crystal  was  fixed  with  an  angle  to  the  central  orbit 
^  4  mrad  and,  according  to  geometry  of  the  experiment,  there 
were  no  particles  to  be  captured  into  channeling  from  the  input 
end  of  a  crystal  (so  called  “end-face  capture  mechanism”)  and 
betatron  amplitudes  growth  of  which  could  become  too  large. 
The  main  mechanism  to  be  responsible  for  capturing  particles 
into  channeling  mode  in  our  experiment  was“a  volume  capture 
mechanism”  opened  in  1982  [7]. 

III.  Experimental  results. 

Fig.2  shows  dependence  of  number  of  particles  extracted 
towards  channel  N^22  [4]  versus  position  of  the  bent  crystal 
from  the  centre  of  the  accelerator  vacuum  chamber. 

It  is  seen  that,  on  moving  the  crystal  towards  the  chamber 
centre,  intensity  of  an  extracted  beam  grows  reaching  a  certain 
maximum.  The  intensity  increase  under  this  maximum  reaches 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1955 


Figure.  2.  Dependence  of  intensity,  extracted  into  channel 
N^ll  versus  the  bent  crystal  coordinate.The  curves  1,2,3 
correspond  to  the  different  levels  of  extracted  intensity. 
Coordinates  of  the  input  and  output  ends  of  the  SM-18  septum 
are  shown  with  the  vertical  dashed  lines. 

^  3  •  10®  protons  that  consists  of  ^  30%  at  extraction  of 

9  •  10®  ppc  or  ^  10%  at  extracted  beam  intensity  ^3-10^ 
ppc,  respectively. 

In  order  to  make  sure  that  the  result  obtained  is  due  to  the 
channeling  effect  and  not  a  simple  scattering  of  particles  by  the 
crystal  as  an  amorphous  target,  analogous  dependencies  were 
taken  for  the  unbent  crystal  placed  on  the  same  asimuth  of  the 
accelerator. 

The  essential  difference  of  the  crystal  influence  was  seen.  In 
the  case  of  the  bent  crystal  use,  increase  of  intensity  is  seen 
already  at  coordinates  ^  80  —  82  mm  that  is  ~  14  —  16 
mm  from  the  septum  inside  the  aperture.  The  unbent  crystal 
does  not  give  any  intensity  increase,  providing  only  losses  of 
particles  interacting  with  it  inside  of  the  SM-18  aperture.  The 
losses  are  increased  when  the  crystal  is  being  moved  towards  the 
input  end  of  the  septum.  Further  moving  the  crystal  across  the 
septum  into  the  accelerator  chamber  results  in  additional  losses 
of  particles  on  external  (oriented  to  the  circulating  beam)  side 
of  the  septum  with  some  intensity  increase  after  touching  by 
the  crystal  a  densed  part  of  a  beam  not  to  be  scattered  yet  by 
targets.  In  this  case  a  significant  (by  1.5-2  times)  shortening  the 
spill  of  secondary  particle  beams  extracted  in  parallel  for  other 
experiments  was  fixed. 

IV.  Discussion  of  results. 

A.  Beam  extraction  mechanism. 

Two  mechanisms  of  particles  capturing  into  the  channeling 
mode  are  known  [8]:  the  end-face  and  volume  ones,  i.e.  when 
particle  trajectories  are  tangential  to  the  crystallographic  planes 


at  the  face  end  or  into  the  depth  of  a  crystal,  respectively.  In 
the  first  case,  number  of  particles  of  a  certain  energy  to  be 
cuptured  into  a  channeling  mode  depends  on  the  ratio  of  the 
critical  channeling  angle  to  the  divergence  of  an  incident  beam 
V^c/ 0 ;  while  in  the  second  case  it  depends  on  capture  probability 
W(R)  that  is  the  function  of  a  crystal  bend  radius. 

Phenomenon  of  proton  capture  into  the  channeling  mode  in 
the  depth  of  a  bent  crystal  was  shown  experimentally  in  the  1 
GeV  region  by  the  authors  of  the  work  [7].  Later  this  effect 
was  proved  in  [9]  at  the  proton  energy  8.4  GeV.  Existence  of 
a  volume  capture  at  70  GeV  was  experimentally  proved  in  the 
work  [10]  where  the  data  of  a  proton  capture  probability  into  the 
channeling  mode  versus  a  crystal  bent  radius  are  obtained.  We 
will  use  data  from  [10]  to  explain  the  results  of  our  experiment. 

Though  the  internal  target  moving  mechanism  used  does 
not  allow  to  optimize  a  crystal  orientation,  the  results  of  the 
experiment  prove  one  more  possibility  of  using  bent  crystals  for 
extraction  of  particles  from  accelerators. 

One  can  understand  dependencies  of  fig.2  with  help  of 
fig.3  where  the  phase  pictures  (portraits)  of  the  circulating 
unperturbed  beam  (1)  and  beam  jumped  into  the  SM-18 
aperture  (region  2)  are  shown.  The  regions  of  possible  losses 
of  the  particles  having  various  angles  on  the  septum  (3),  of  a 
crystal  influence  (4),  a  calculated  acceptance  of  the  extracting 
channel  including  the  septum-magnets  for  our  regime  (5),  a 
phase  region  (6)  for  particles  underwent  scattering  in  targets 
without  septum-magnets  are  shown  as  well. 

Increase  of  an  extracted  beam  intensity  that  starts  at  the 
crystal  coordinate  ^  80  mm  (see  fig.2)  is  due  to  transmission 
of  particles  by  the  crystal  into  region  (5)  of  the  extraction 
channel  acceptance.  Maximum  of  intensity  reached  at  the 
crystal  coordinates  70-J-72  mm  is  due  to  deflection  of  a  part  of 
a  beam,  additionally  jumped  into  SM-18  aperture,  from  a  wall 
of  the  septum. 

Decrease  of  an  intensity  growth  determined  by  the  channeling 
effect  under  moving  the  crystal  towards  the  input  end  of  the 
SM-18  can  be  explained  as  a  miss  of  an  extraction  channel 
acceptance  by  deflected  particles  and  loss  of  them  on  the  septum 
at  their  multiple  Coulomb  scattering  into  the  crystal. 

If  the  crystal  deepens  into  a  beam  outside  the  septum, 
protons  that  captured  into  a  channeling  mode  can  jump  into 
the  septum-magnet  aperture  only  after  having  got  a  noticeable 
growth  of  a  betatrone  amplitude  and  at  the  favourable  phase  on 
the  following  turns.  On  the  ’’high”  level  of  extracted  intensity 
(curve  3  of  fig.2)  some  growth  of  it  is  seen  after  touching  a 
densed  part  of  a  beam  by  the  crystal  (marked  with  an  arrow). 
Under  this  conditions  a  crystal,  to  be  as  an  additional  target, 
perturbs  a  beam  scattering  regime  that  results  in  shortening  of  a 
spill  of  extraction  by  30-50%. 

On  the  ’’low”  level  of  intensity  (curves  1,2  of  fig.2)  when  the 
densed  part  of  a  beam  was  moved  from  the  septum  by  decrease 
of  a  bump  strength,  a  crystal  touches  the  beam  on  a  larger 
distance  from  the  septum  (marked  with  an  arrow  on  curve  2). 
Decrease  of  intensity  before  the  septum  in  this  case  may  be 
explained  with  particles  loss  into  a  crystal,  to  be  as  a  target, 
during  their  multiple  interaction.  Growth  of  amplitudes  of  the 
particles,  even  to  be  captured  into  channeling  mode,  in  this  case 
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Figure.  3.  Illustration  of  a  regime  of  a  beam  extraction  by  the 
bent  crystal  on  the  phase  plane. 

turns  out  not  to  be  enough;  such  particles  practically  don' t  jump 
into  an  acceptance  of  the  extraction  channel. 

In  the  case  of  an  unbent  crystal  use  the  change  of  extracted 
intensity  can  be  easily  understood  in  a  frame  of  consideration  of 
a  beam  dynamics  under  its  interaction  with  an  ordinary  target. 
Scattering  a  beam  in  a  target  has  no  influence,  due  to  small 
scattering  angles,  on  extraction  intensity  till  a  target  comes 
into  zone  of  the  septum  coordinates.  There  are  some  losses 
increase  here  because  of  hitting  the  septum  by  scattered  particles 
that  results  in  decreasing  an  extracted  intensity.  Only  some 
intensity  growth  appears  again  when  the  crystal  is  nearer  to  the 
circulating  beam  than  the  septum  and  a  densed  part  of  the  beam 
is  being  touched  with  it.  But  since  the  secondaries  spill  is  being 
shortened  in  this  case  by  1 .5-2  times,  this  regime  does  not  valid 
for  use. 

B.  Numerical  estimations. 

Estimations  of  intensity  which  one  can  extract  using,  in  our 
scheme,  a  bent  crystal  placed  before  the  first  septum-magnet 
will  be  made  for  beam  intensity  onto  an  ordinary  target  lO^^ppc. 
It  is  known  (see,  for  example,  [1])  that  70-75%  of  particles 
make  inelastic  nuclear  interactions  with  internal  targets  or  to  be 
lost  on  the  accelerator  chamber  walls.  The  rest  particles  being 
underwent  a  multiple  Coulomb  scattering,  ionization  energy 
loss  and  nuclear  elastic  scattering  continue  their  movement  into 
accelerator  gaining  a  noticeable  growth  of  betatron  amplitudes. 
Finally,  one  get  the  radial  distribution  of  this  particles  at  the 
point  of  a  crystal  placing  that  analogous  to  one  shown  in  [3]. 
Evaluation  show  that  at  intensity  3  •  10^^  of  particles  under  this 
curve  about  1.2  •  10^°  of  protons  hit  the  crystal.  Probability  of  a 
volume  capture  for  our  case  calculated  according  to  [10]  equals 
about  1%. 

So,  in  our  scheme  one  can  extract  with  help  of  a  bent  crystal 
additionally  about  1.2  •  10®  of  particles  at  10^^  of  protons 
interacting  with  a  target.  To  obtain  a  sum  of  additionally 
extracted  protons,  that  is  well  agreed  with  the  experiment, 
one  has  to  take  into  account  that  from  3  to  5  targets  work 
simultaneously  interacting  with  primary  beam  of  total  intensity 
up  to  2.5  •  10^^  protons  every  accelerator  cycle  [1]. 


V.  Conclusion. 

A  bent  crystal  placed  before  the  first  septum-magnet  of 
the  A-70  slow  extraction  system  made  it  possible  to  extract 
additionally  up  to  3  •  10®  protons,  used  to  be  lost  on  septa, 
towards  channel  A^^22  in  parallel  to  the  work  of  a  few  internal 
targets  generating  secondaries  for  other  experiments.  A  relative 
growth  of  extracted  proton  beam  intensity  depending  on  an 
extraction  regime  was  10-30%.  Capturing  of  particles  into 
the  crystal  channeling  mode  was  due  to  the  volume  capture 
mechanism. 

The  main  advantage  [10]  of  the  volume  capture  in  comparison 
with  the  end- face  one  is  that  no  precise  alignment  of  the  crystal 
is  necessary  (one  can  do  without  a  goniometer).Becides,  the 
volume  capture  may  be  more  effective  for  the  beam  of  a  large 
divergence  [8]. 

The  regime  of  extraction  obtained  may  be  used  when 
planning  experiments  for  channels  iV’^22,23.  The  effect  of 
increasing  an  extracted  beam  intensity  when  using  a  bent  crystal 
in  this  scheme,  apparently,  to  be  magnified  by  introducing  a 
goniometer  to  make  an  optimal  angle  relations  between  the 
crystal,  the  beam  and  septum-magnet. 

References 

[1]  Yu.M.Ado  et  al.,  IHEP  85-23,  Serpukhov,  1985. 

[2]  A.A.Asseev  et  al.  ,Joum.of  Tech.Phys.,  v.60, 
iV^9(1990)70, 

Leningrad. 

[3]  A.A.Asseev  et  al..  Proceed,  of  the  2-nd  European 
Part.  Accel.  Conf.,  Nice,  1990,  v.2,  p.l604. 

[4]  A.A.Asseev  et  al..  Proceed,  of  the  3-d  European 
Part.  Accel.  Conf.,  Berlin,  1992,  v.2,  p.l486. 

[5]  A.A.Asseev  et  al.,  Nucl.  Instr.  and  Meth.,  A309(199 1)1-4. 

[6]  A.A.Asseev  et  al.,  IHEP  91-17,  Protvino,  1991. 

[7]  V.A.Andreev  et  al..  Letters  to  JETP,  v.36,  iV'®9(1982)340. 

[8]  N.A.Galyaev  et  al.,  Proceed,  of  the  IEEE  Part.  Accel. 
Conf.,  San  Francisco,  1991,  v.l,  p.l92. 

[9]  N.K.Bulgakov  at  al..  Communications  of  JINR  iV^l-83- 
725,Dubna,  1983. 

[10]  N.A.Galyaev  et  al.,  IHEP  90-147,  Protvino,  1990. 


1957 


Computer  Simulation  of  the  Tevatron  Crystal  Extraction  Experiment 

Valery  Biryukov* 

IHEP  Protvino,  142284  Moscow  Region,  Russia 


Abstract 

The  Fermilab  crystal-extraction  experiment  E853  at  Tevatron 
was  simulated  by  Monte  Carlo  code  CATCH  [1]  tested  earlier 
in  the  CERN-SPS  experiment  [2-4],  Predictions  for  the  extrac¬ 
tion  efficiency,  angular  scans  and  extracted  beam  profiles  are 
presented.  Several  ideas  are  proposed  and  tested  by  the  simu¬ 
lation,  how  to  get  in  E853  the  key  information  of  the  extraction 
experiment:  the  ’’septum  width”  of  a  crystal  and  dependence  of 
extraction  efficiency  on  it,  the  impact  parameters  of  protons  at 
crystal,  and  the  contribution  of  the  first  and  multi  passes  to  the 
extraction.  The  ways  to  optimize  E853  are  analyzed. 

L  Introduction 

The  crystal-extraction  experiments  at  CERN  SPS  [2-4]  and 
Fermilab  Tevatron  [5]  have  in  view  possible  application  of  chan¬ 
neling  for  proton  extraction  from  a  multi-TeV  machine  [6].  The 
technique  employs  a  bent  crystal  placed  in  the  beam  halo,  which 
traps  and  bends  the  particles  parallel  to  the  crystallographic 
plane  within  Lindhard  angle  6c.  The  halo  particles  hit  a  crys¬ 
tal  very  close  to  its  edge,  with  impact  parameter  h  in  the  range 
to  This  calls  for  a  good  perfection  of  the  crystal  edge. 

Alternatively,  one  should  investigate  how  crystal  extracts  parti¬ 
cles  in  the  multipass  mode,  which  involves  several  scatterings  in 
the  crystal  of  the  circulating  particles. 

As  the  extraction  includes  many  passes,  there  is  no  easy  way 
to  extrapolate  the  results  with  energy.  This  makes  the  detailed 
comparison  of  the  measurements  with  computer  simulation  es¬ 
sential.  Such  an  analysis  made  [7]  for  the  CERN-SPS  exper¬ 
iment  has  shown  good  agreement  of  the  theory  with  measure¬ 
ments  [2,3].  The  major  result  of  [7]  was  a  prediction  of  the  edge 
imperfection  of  the  crystals  used  at  SPS.  The  new  SPS  experi¬ 
ment,  employing  a  crystal  with  an  amorphous  edge-layer  to  tes¬ 
tify  this  idea,  has  proved  much  the  same  efficiency  indeed  [4]. 
Another  prediction,  made  for  the  ”U-shaped”  crystal  -  much  the 
same  efficiency  but  narrow  (70  //rad  fwhm)  angular  scan[7]  - 
has  also  been  confirmed  [3].  With  the  simulation  code  [1]  tested 
at  SPS,  here  we  model  the  extraction  of  900-GeV  protons  from 
Tevatron,  matching  E853  [5,8]. 

The  real  crystal  has  an  irregularity  of  the  surface,  which  de¬ 
fines  a  range  of  inefficient  b  at  the  edge  (’’septum  width”  f ).  The 
following  information  is  essential  for  understanding  the  crystal 
extraction  process: 

(a)  efficiency  F,  and  contributions  to  it  from  the  first/multi 
passes;  (b)  distribution  over  b  at  the  crystal;  (c)  septum  width  f ; 
(d)  dependence  F{t), 

We  propose  the  ways  to  get  this  information  in  E853. 
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11.  Qualitative  discussion 

The  essential  feature  of  E853  is  the  fact  that  the  crystal  atomic 
planes  are  perpendicular  to  the  crystal  face  in  touch  with  the 
beam.  In  E853  one  should  align  a  crystal  in  2  planes:  the  chan¬ 
neling  plane  (vertical,  y)  with  the  accuracy  of  6c,  and  the  hori¬ 
zontal  plane  (x)  to  keep  the  crystal  face  parallel  to  the  incident 
protons  (Fig.  1).  At  first  glance,  the  need  to  tune  two  angles  is  an 
inconvenience.  Here  we  show  that  this  extra  degree  of  freedom 
is  an  excellent  possibility  to  study  extraction  in  many  details! 


Figure  1.  Horizontally  tilted  crystal:  (a)  aligned,  (b)  tilt  >0, 
(c)  a?'  <0. 

Consider  a  crystal  disaligned  from  the  beam  horizontally  at 
x\  Depending  on  the  sign  of  x\  either  the  upstream  end  ap¬ 
proaches  the  beam  (we  define  x'  <0),  or  the  downstream  one 
(x^  >0);  fig.  1.  Because  of  x\  a  septum  width  as  thick  as 
i  =  \x^\L  occurs  at  the  crystal  edge;  L  is  the  crystal  length  (4  cm 
in  E853).  Protons  incident  in  the  range  0<6<  i  do  not  traverse 
the  full  length  of  crystal.  The  result  depends  dramatically  on  x' 
sign. 

In  case  of  a?'  >  0,  protons  traverse  the  downstream  edge.  It  is 
disaligned  by  ~0.64  mrad  (the  bending  angle)  w.r.t.  the  beam. 
Therefore,  protons  traverse  it  like  an  amorphous  substance.  This 
case  imitates  a  crystal  with  an  amorphous  near-surface  layer  as 
wide  as  t  ^  x^L.  Measuring  F{x^)  for  x^>0,  one  measures 
F{i),  Theory  [9]  predicts  very  weak  F{t)  dependence  at  high 
energies.  The  confirmation  would  be  encouraging  for  the  multi- 
TeV  crystal  extraction.  Notice  that  the  step  of  t  scan  could  be 
very  fine:  with  Sx^=2.5  //rad  and  L=4  cm  one  has  St=  0.1  //m. 

In  case  of  x^  <  0,  protons  traverse  the  upstream  edge  which  is 
aligned  w.r.t.  the  beam.  Therefore,  many  particles  are  trapped  in 
channeling.  However,  those  incident  in  the  range  0<b<x'L  tra¬ 
verse  a  reduced  (<4  cm)  length,  thus  getting  a  reduced  (<0.64 
mrad)  deflection  and  therefore  are  lost.  The  inequality  of  two 
cases,  x'>0  and  a?'<0,  causes  a  strong  asymmetry  of  F{x^)  de¬ 
pendence.  The  difference  AF=F{x')-F{-x^)  is  proportional 
to  the  number  of  protons  incident  with  0<b<x'L.  Varying  x^ 
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and  observing  AF,  one  investigates  the  distribution  over  b  at 
crystal,  with  accuracy  of  ^6=0.1  /im. 

This  is  complicated  by  another  interesting  phenomenon.  The 
protons  incident  on  an  aligned  imperfect  crystal  with  hmax  <  f , 
have  to  traverse  the  full  length  of  the  crystal,  and  to  experi¬ 
ence  a  substantial  nuclear  scattering.  Suppose,  this  crystal  is 
disaligned  so  that  «0.1,  Then  at  first  incidence  the 

protons  traverse  only  the  crystal  edge,  with  the  ’’length”  <0.1 
that  of  crystal.  The  respective  scattering  and  losses  over  O.IL 
are  much  smaller.  In  this  case  the  protons  retain  better  chances 
for  extraction  with  later  passes  than  in  the  former  case  (perfect 
alignment).  The  secondary  h  of  the  scattered  protons  are  still 
sufficiently  large  (f^30  fim  here),  so  the  "gap”  x^L  is  not 
dangerous. 

We  come  to  conclusion  that  a  peak  efficiency  with  imperfect 
crystal  is  achieved  at  some  tilt  x^  7^0.  In  the  real  experiment  one 
scans  x'  while  searching  the  peak,  and  comes  to  this  case  autO’ 
matically.  We  used  the  case  bmax/x^L  =0.1  as  an  illustration; 
the  optimal  x^  will  be  found  automatically  in  the  scan.  Further 
on,  we  refer  to  this  case  as  to  the  ”pre-scatter”  case,  when  pro¬ 
tons  first  gently  pre-scatter  in  the  crystal  edge  to  come  later  with 
low  divergence  but  high  b.  Understandably,  with  imperfect  crys¬ 
tal  the  prescatter  case  may  appear  also  for  a  small  negative  tilt, 
x'  <0.  Then,  F{x')  may  have  two  peaks,  with  a  dip  at  x'=0. 
The  width  of  the  dip  at  x'  «0  is  also  an  indicator  for  fcmar  • 

III.  Simulation  procedure 

The  crystal  was  located  61  m  upstream  of  CO  point  of 
Tevatron  lattice,  with  the  edge  at  the  horizontal  distance  of 
X=1.75  mm  from  the  beam  axis.  At  the  crystal  location, 
the  machine  parameters  were  /?a:=105.7  m,  aa;=0,109  (horizon¬ 
tally),  and  py=2l,5  m,  ay=0.148  (vertically);  tunes  Qa:=20.5853 
and  (3y=20.5744.  The  beam  invariant  rms  emittance  was  2.5 
mm-mrad,  which  corresponds  to  vertical  rms  divergence  11.5 
piad  and  width  0.24  mm  at  the  crystal  location. 

Crystal  was  a  Si(l  10)  slab  40  by  3  by  3  mm^,  0.64  mrad  bent, 
with  a  perfect  lattice,  and  curved  with  a  constant  curvature  to 
deflect  protons  in  vertical  direction.  As  an  option,  we  model  an 
amorphous  layer  at  its  edge  and/or  irregularities  of  the  surface. 
The  horizontal  parameters  a?,  x'  of  incident  particles  are  defined 
by  the  mechanism  of  diffusion.  The  two  processes,  diffusion 
and  crystal  extraction,  are  unfold  in  E853.  Beam  parameters  in 
the  channeling  plane  (vertical)  are  not  disturbed  by  the  diffu¬ 
sion.  The  exact  value  of  bmax  matters  only  w.r.t.  t.  Since  t  is 
unknown  for  the  real  crystal,  we  can  postulate  bmax=i  and 
then  model  crystals  with  different 

IV.  Results 

Fig.  2  shows  the  F{y^)  angular  scan  for  x'=0.  The  peak  F 
of  an  ideal  crystal  is  t^44  %.  The  same  fig.  shows  scans  for 
the  crystals  with  ^=1  pm  (i.e.  t=bmax)  and  f=50  pm,  where 
at  i/=x'=0  36  %  and  32  %  respectively.  However,  for  the 

imperfect  crystals  the  real  peak  was  found  at  x'  ^0  (Fig.  3). 
With  optimized  x^  one  has  peak  F  «  42  %  and  35  %  for  t=l  pm 
and  ^=50  pm  respectively.  Notably,  the  efficiencies  and  scans 
are  quite  weakly  dependent  on  the  crystal  perfection.  The  width 
of  2/  scan  was  50-55  prad fwhm  in  these  cases. 


Figure  2.  F{'i/)  scan  for  x'=0.  Ideal  crystal:  (o)  first-pass 

and  (♦)  overall  efficiencies.  Imperfect  crystal:  overall  efficiency 
with  t=l  pm  (ic)  and  f =50  pm  (♦). 

The  angular  scan  F(x')  is  in  Fig.  3.  The  depth  of  the  dip 
at  x'  wO  (i.e.  at  perfect  alignment)  is  2^14  %  and  2^7  %  w.r.t. 
the  peak  for  i=l  pm  and  f=50  pm  respectively.  The  width  Ax' 
of  the  peculiarity  (either  peak  or  dip)  near  x'  ?«0  is  roughly 
bmax  I L  which  is  25  pmd  in  our  simulation.  F  is  1/2  of  the 


Figure  3.  F(x')  scan  near  the  peak;  see  fig.2  caption. 

maximum  at  x'  2:14  mrad  and  —0.3  mrad  for  an  ideal  crystal 
(fwhm  of  the  horizontal  scan  is  ~14  mrad),  at  x'  2:15  mrad 
and  -1.2  mrad  for  the  crystal  with  f=l  pm  (/W/im2^16  mrad), 
and  at  x'  2:18  mrad  and  -5  mrad  for  the  crystal  with  t=50  pm 
(/WAm2:23  mrad). 

The  asymmetry  of  the  scan,  F(x')  7^  F(“x'),  is  due  to  the 
loss  of  the  protons  trapped  in  channeling  near  the  crystal  edge. 
With  an  ideal  crystal,  the  asymmetry  exists  for  any  x'.  With  a 
septum  width  t,  the  asymmetry  can  be  seen  for  an  angling  ±x' 
larger  than  i/L  only.  In  our  simulation  with  f=50  pm,  the  scan 
is  symmetric  indeed  within  ±1.3  mrad  but  asymmetric  outside 
this  range  of  x';  note  that  50  pm/40  mm  =1.25  mrad.  We  ex¬ 
pect  therefore  this  x'-threshold  for  an  asymmetry  to  be  a  good 
measure  of  the  septum  width  f .  If  one  plots  the  magnitude  of 
asymmetry,  F(x')-F(— x'),  as  a  function  of  x'L,  he  obtains  a 
rough  estimate  of  the  beam  distribution  over  b  at  crystal.  The 
minimal  step  Sb  =  Sx^L=0A  pm  is  much  finer  than  the  preci¬ 
sion  of  coordinate  detectors  «0.1  mm  ! 

Notice  an  abrupt  decrease  in  F  of  the  ideal  crystal  over  the 
range  of  x'F  from  0  to  —bmax-  from  44  %  at  x'=0  to  28  %  at 
x'=  —hmax/L-  This  drop  is  an  excellent  opportunity  to  measure 
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Figure  4.  F{L)  for  ideal  (o)  and  ^=1  fim  (♦)  crystals. 

the  primary  bmax  with  a  precision  of  ^&=0.1  fim.  With  an  ideal 
crystal  one  can  measure  a  distribution  over  the  primary  b  (in  the 
range  of  ^1  pm).  With  imperfect  crystal  in  the  same  way  one 
measures  the  distribution  over  secondary  b  (in  a  broad  range 
from  to  <^1  mm).  Finally,  the  dependence  F[x^)  for  x^>Q 
gives  actually  the  dependence  of  F  on  the  septum  width  t 
x'L. 

The  distribution  of  the  extracted  particles  over  x  at  the  crys¬ 
tal  face  is  essential  for  understanding  both  the  crystal  inter¬ 
play  with  other  accelerator  elements  and  the  requirements  for 
the  crystal  face  perfection.  We  have  found  that  one  half  of 
the  extracted  protons  have  penetrated  into  the  crystal  depth  by 
>0.3  mm;  another  half  had  b<0.3  mm.  The  divergence  of 
the  extracted  beam  was  defined  by  the  channeling  properties 
of  Si(llO)  crystal;  its  full  width  20c  was  »12.8  ^rad  (^c— 6.4 
//rad),  and fwhm^9  prad.  The  ar'  divergence  was  ~5  pradfwhm 
with  the  ideal  crystal  and  ^12  pradfwhm  with  t=l  pm.  It  was 
increased  due  to  scattering  in  inefficient  passes.  After  the  dou¬ 
blet  of  quadrupoles  and  the  Lambertson-type  magnet,  two  de¬ 
tectors  (hodoscopes  with  0.1  mm  bins)  were  placed  at  80.5  m 
(Dl)  and  120.5  m  (D2)  downstream  of  the  crystal  to  measure 
the  bent-beam  profiles.  The  horizontal  profiles  had  width  Ci  0.3 
and  0.4  mmfwhm  for  the  ideal  and  t=l  pm  crystals  at  Dl,  and 
~  0.5  and  0.7-0.9  mmfwhm  at  D2. 

V.  Optimization 

The  extraction  efficiency  F  is  defined  by  the  processes  of 
channeling,  scattering,  and  nuclear  interaction  in  crystal.  All 
the  processes  depend  essentially  on  the  crystal  length  L.  Fig.  4 
shows  F{L).  F  is  maximal,  near  70  %,  in  L  range  0.4-1.0  cm, 
irrespective  of  the  crystal  perfection. 

VI.  Conclusions 

The  key  information  of  the  multi-pass  crystal  extraction  can 
be  obtained  from  the  analysis  of  the  horizontal  angular  scan  of 
efficiency.  In  the  considered  way  one  can  study  the  impact  pa¬ 
rameters  of  halo  particles  and  the  structure  of  the  crystal  edge 
with  an  accuracy  as  fine  as  0.1  pm. 

The  extraction  efficiency  is  expected  as  high  as  ~40  %  irre¬ 
spective  of  the  crystal  septum  width,  and  can  be  increased  up 
to  ~70  %  with  the  use  of  a  shorter  (<1  cm)  crystal.  The  dif¬ 


ference  in  efficiency  between  the  ideal  and  imperfect  crystals  is 
very  low,  because  of  predominance  of  the  multi-passes  in  ex¬ 
traction  at  high  energies,  and  partly  due  to  the  found  effect  of  a 
gentle  ’’prescattering”  in  the  edge  of  a  crystal  tilted  horizontally. 
This  provides  an  elementary  solution  to  the  problem  of  a  finite 
septum  width  and  infinitesimal  impact  parameters. 

One  general  trend  in  the  results  of  simulations,  from  SPS  [7] 
to  Tevatron  to  LHC  [6],  is  worthwhile  to  mention:  the  differ¬ 
ence  in  efficiency  of  the  ideal  crystal  and  crystal  with  imperfect 
surface  vanishes  with  energy  E,  because  the  scattering  angle  re¬ 
duces  faster  {^l/E)  than  6c  does  (^l/^/l'), 
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Abstract 

The  paper  presents  the  cooperative  design  efforts  of 
LBL,  LLNL  and  SLAC  on  the  Magnet  Power  Conversion 
Systems  for  PEP-II.  The  systems  include  900  channels  of 
correction  magnets  bipolar  power  supplies  and  400  unipolar 
power  supplies  in  the  range  of  5  to  500  kW.  We  show  the 
decision  process  and  technical  considerations  influencing 
the  choice  of  power  supply  technologies  employed.  We 
also  show  the  development  of  specifications  that  take 
maximum  advantage  of  both  the  available  resources  and 
existing  facilities  while,  at  the  same  time,  satisfying  tight 
constraints  for  cost  control,  scheduling  and  coordination  of 
different  working  groups.  Switchmode  power  conversion 
techniques  will  be  used  extensively  in  these  systems,  from 
the  corrector  supplies  to  the  largest  units  if  the  dynamic 
performance  specifications  demand  it.  General  systems 
descriptions  for  each  of  the  power  supply  ranges  and  for  a 
new  common  control  systems  interface  are  included. 


specifications  for  the  systems  since,  by  the  end  of  the 
project,  SLAC  will  be  the  laboratory  operating  the 
machine. 


Resolution 

Setting  &  readback  18  bits 

Accuracy  (1  yr) 

Setting  &  readback  .01%  FSR 

Long  term  stability  (10  C  span) 

Single  channel  P.S.  .005%  FSR 

Periodic  deviations  (60  Hz  &  harm.,  LF  noise) 
Single  channel  PS  .01%  FSR 

Random  deviations  (AC  line  changes) 

SCR  P.S.(w/fast  V  feedback)  <.05%  FSR 

Switching  P.S  <.01%  FSR 


Table  1-  P.S.  &  controller/interface  performance  specs. 


WORK  DIVISION  -  A  TALE  OF  THREE  LABS 

The  PEP-II  B  factory  accelerator  complex  is  being 
built  at  SLAC  as  a  cooperative  effort  among  the  three  DOE 
laboratories  in  the  SF  Bay  area:  LBL,  SLAC  and  LLNL. 
The  Magnet  Power  Conversion  is  one  of  the  areas  that 
because  of  its  relatively  large  size,  diversity  of  systems 
and  technical  complexity  requires  a  close  cooperation 
among  the  three  technical  groups  involved  in  the  design 
and  construction  of  this  part  of  the  machine. 

To  implement  this  kind  of  cooperation  an  agreement 
was  achieved  very  early  on  in  the  process  by  the 
engineering  group  leaders,  based  on  the  optimal  utilization 
of  the  talent  pool,  recent  experience  and  hardware 
developments  at  each  one  of  the  laboratories,  facilities  and 
other  technical  resources  and  the  project  schedule.  Of 
particular  concern  were  the  overall  cost,  the  expected 
performance  of  the  systems  and  their  maintenability. 

One  important  issue  that  influenced  the  initial 
decisions  on  work  division  was  the  need  to  maximize  the 
uniformity  of  systems  (i.e.  all  power  supplies  of  a  similar 
power  level  must  be  of  the  same  technology  and 
manufacture)  to  reduce  the  impact  of  personnel  training  in 
new  systems  and  the  cost  of  the  stock  of  spare  components 
and  redundant  on-line  systems.  For  this  reason  the  division 
of  work  for  the  Power  Conversion  Systems  splits  along 
different  lines  than  the  overall  machine  division  of  work 
which  goes  along  ring  lines.  SLAC  Power  Conversion 
Department  carries  the  leadership  in  the  generation  of  the 


SYSTEMS  DESCRIPTION 

PEP-II  is  being  built  reusing  the  old  tunnel  and  a  large 
portion  of  the  equipment  (cable  plant,  power  distribution, 
civil  construction)  of  PEP-I  (Ref.  4).  PEP-II  will  need  21 
power  supply  systems  for  the  large  strings  (Group  III, 
LLNL),  circuits  for  magnets  distributed  around  the  2  Km 
circumference  of  the  machine.  It  will  also  need  244 
medium  power  power  supplies  (Group  II,  SLAC)  to  drive 
individual  magnets  and  short  strings,  composed  of  two  or 
three  series  magnets  in  relatively  near  locations,  and  37 
power  supplies  of  medium  to  high  power  (Group  II,  LBL), 
mostly  one  or  two  of  a  kind  systems.  In  addition  it  requires 
somewhere  between  900-  1000  power  supply  channels  for 
correctors  and  trim  coils  (LBL). 

POWER  SUPPLY  SYSTEM  ENGINEERING 

The  sytem  design  uses  two  general  architectures,  one 
for  multiple  channel  power  supplies,  employed  for  the 
small  drivers  for  correctors  and  trims,  and  the  single 
channel,  for  everything  else.  The  single  channel  power 
supply  system  is  a  design  very  similar  to  units  in  use  at 
SLAC  (Ref  1).  It  consists  of  a  voltage  regulated  /voltage 
controlled  power  supply  as  its  power  train,  driven  by  a 
current  regulation  loop  with  a  high  stability  (<2ppm/C) 
error  amplifier.  The  current  regulation  loop  workpoint  is  set 
by  an  analog  reference  generated  by  the  control  system 
interface.  Current  is  measured  by  two  identical  ZFTs 
(Zero  Rux  Transductor)  integrated  type  (magnetic  head 


*  Supported  by  U.S.Department  of  Energy  under  Contract  numbers  DE-AC03-76SF00098  (LBL),  DE-AC03-76SF00515 
(SLAC)  and  W-7505-Eng-48  (LLNL). 
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and  electronics  on  the  same  package)  transductors.  One  of 
the  ZFTs  is  used  for  the  control  of  the  magnet  current 
through  the  current  regulation  loop,  and  the  other  one  as  an 
independent  diagnostic  readback.  The  system  has  a  single 
fault  ground  fault  detector.  The  multiple  channel  systems 
have  similar  features,  in  different  implementations,  as 
described  elsewhere  in  another  paper  in  the  Proceedings  of 
this  Conference  (Ref  3). 


Fig  .  1.  Power  supply  system  block  diagram 

FACTORS  INFLUENCING  THE  CHOICES  ON 
POWER  SUPPLY  TECHNOLOGIES 

Many  factors  are  being  considered  to  arrive  at 
solutions  of  the  technical  problems  presented  by  the  PEP-II 
machine  design  specifications.  The  individual  performance 
issues  were  initially  evaluated,  including  stability, 
accuracy  and  tolerances  for  periodic  and  random 
deviations.  Overall  performance  issues  such  as  availability, 
initial  and  operating  system  costs  and  MTTR  are  then 
weighed.  Included  under  cost  are  the  solutions  that  allow 
to  use  and  recycle  existing  components  of  PEP-I  such  as 
the  cable  plant  (AC  &  DC)  and  the  power  distribution 
systems  (transformers,  switchgear)  that  will  be  refurbished 
and  reused.  The  power  distribution  decisions  were  for  AC 
distribution,  because  of  the  simplicity  of  the  protection 
systems  and  easier  compliance  with  safety  regulations.  The 
exception  are  the  large  string  power  supplies,  where 
existing  DC  distribution  systems  were  recycled.  Other 
influences  on  the  technical  solutions  are  EMC  concerns. 


both  EMI  generation  and  susceptibility,  and  power  supply 
efficiency. 

CONTROL  SYSTEM  INTERFACES 

A  new  control  system  interface/error  amplifier/  power 
supply  controller  will  be  used  in  the  power  conversion 
systems  for  PEP-II.  Its  design  will  take  advantage  of  the 
advances  in  digital  technology  since  the  early  80’ s  when 
the  standards  and  the  hardware  for  the  interfaces  currently 
in  use  at  SLAC  were  designed,  and  of  the  experience  with 
high  stability  intermediate  units  developed  more  recently 
(Ref.  2).  The  interface  is  connected  to  the  control  system 
by  means  of  a  digital  serial  line  (Bitbus).  A  microprocessor 
is  used  as  the  communications  controller  and  as  the 
intelligence  for  the  power  supply  controller  for  functions 
such  as  data  I/O,  diagnostics  routines  and  ramping.  The  use 
in  the  controller  unit  of  an  intelligent  programmable 
processor  allows  for  a  large  improvement  in  the 
performance  of  the  data  conversion  components.  An 
internal  calibration  process,  running  while  the  supply 
operates,  makes  possible  the  transfer  of  the  accuracy  and 
precision  of  a  high  quality  reference  to  the  DAC  and  ADC 
performance.  The  process  corrects  for  offset,  gain  and 
linearity  imperfections  and  drifts  for  the  DAC  and  offset 
and  gain  for  the  ADC.  This  allows  the  use  of  data 
conversion  units  of  less  stringent  specifications  (read  less 
expensive). 

DESCRIPTION  OF  THE  MAJOR  GROUPS  OF 
POWER  SUPPLIES 

Power  supplies  for  correctors  and  trim  coils 

This  systems  are  described  in  another  paper,  by  T.  Jackson 
and  G.  Leyh,  these  Proceedings  (Ref  3). 

Power  supplies  for  medium  power  individual  magnets  and 
small  strings  (Group  I) 

This  is  the  range  of  individual  power  supplies  with  the 
largest  number  of  power  supplies.  The  system  engineering 
is  assigned  to  SLAC.  It  was  decided  early  on  to  use  a 
single  type  of  technology  for  the  whole  range,  based  on 
similar  requirements  for  performance  and  with  the  goal  of 
simplifying  maintenance  procedures,  reducing  spares  stock, 
personnel  training  and  MTTR.  The  decision  on  which  type 
of  power  supply  technology  to  be  used,  based  mostly  on 
performance,  costs,  and  past  experience,  is  for  the  use  of 
commercially  available,  standard  model  switchmode  power 
supplies  with  AC  power  input.  A  procurement  specification 
is  under  review.  The  objective  set  for  this  specification  is 
to  characterize  the  requirements  for  the  range  of  power 
supplies,  identifying  clearly  those  parameters  that  need 
tight  specifications,  while  leaving  other  parameters  more 
open  to  widen  the  field  of  possible  vendors. 
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Power  Supplies  for  individual  magnets,  medium  high  and  high 
power  (Group  II ). 

For  this  group,  the  technology  decision  does  not  need 
to  be  unified,  since  there  are,  with  few  exceptions,  one  or 
two  of  each  kind,  and  rather  dissimilar  in  their 
specifications.  The  unit  price  for  power  supply  is  higher, 
because  of  the  higher  power,  and  a  case  by  case  decision 
is  to  be  made  in  each  case,  by  performance  and  cost.  The 
system  engineering  is  identical  to  those  P.S.  in  group  I 
(Fig.  1) 


frequency.  Snubbers  networks  across  the  IGBTs  reduce 
turnon  losses  and  clamp  the  voltage  during  turnoff.  IGBTs 
and  diodes  are  mounted  on  a  water-cooled  aluminum  heat 
sink.  The  "box-in-box"  construction  and  the  common-mode 
filters  at  the  input  and  output  control  EMI.  The  IGBTs  are 
controlled  using  commercial  gate  drivers  linked  by  fiber 
optics  to  a  commercial  current-mode  PWM  controller.  The 
duty  cycle  of  the  IGBTs  varies  the  average  output  voltage 
in  response  to  a  voltage  setpoint.  A  "breadboard"  version  of 
the  dc-dc  converter  power  circuit  has  operated  successfully 
at  200  kW  . 


Power  Supplies  for  Large  Magnet  Strings( Group  III). 

PEP  II  has  21  circuits  of  large  string  series-connected 
magnets  in  the  two  rings,  16  for  HER,  and  5  for  LER. 
Circuits  are  for  the  bend  dipoles,  focus  and  defocus 
quadrupoles,  focus  and  defocus  sextupoles,  and  many 
special  quadrupoles.  The  largest  strings  are  the  dipoles,  192 
(HER)  and  200  aER). 

Total  maximum  operating  power  is  4300  kW,  2400 
kW  (56  %)  for  HER  and  1900  kW  (44  %)  for  the  LER 
strings. 

Power  supply  architecture  is  similar  to  that  of  PEP  I 
(Ref 4)  :  bulk  dc  P.S.s  drive  several  buck-type  dc-dc 
chopper/  converters  (Fig.  2).  In  the  bulk  P.S.s  two 
transformers,  associated  switchgear  and  half-controlled 
rectifiers,  provide  positive  and  negative  600  Vdc  for  the 
individual  string  circuit  dc-dc  converters  with  low  inrush 
currents  and  fast  fault  protection  .  HER  and  LER  strings 
have  separate  circuit  breakers  and  rectifiers  for  operational 
flexibility. 

The  current  control  for  each  magnet  string  is  achieved 
by  using  insulated-gate-bipolar  transistors  (IGBTs)  chopper/ 
converters.  The  200  kW  modules’  output  is  400  A,  at  either 
+  or  -  500  Vdc,  with  extensive  differential  and  common¬ 
mode  filtering,  and  can  be  connected  in  series  and  in 
parallel. 

The  string  voltage  limit  is  1000  Vdc,  defined  by 
system  insulation,  and  can  be  achieved  using  positive  and 
negative  dc-dc  chopper/converter  modules  in  series. 
Magnet  strings  which  require  more  than  1000  Vdc  must  be 
divided.  The  HER  bend  magnet  string  will  need  three 
modules  in  parallel  for  890  A,  and  in  order  not  to  exceed 
the  1000  V  limit,  it  also  must  be  divided  into  two  strings  of 
96  magnets  and  690  V  each.  A  total  of  12 
chopper/converters  is  used.  The  LER  bend  magnet  string 
also  requires  splitting  and  has  two  strings  of  100  magnets  at 
745  A  and  990  V  each,  using  a  total  of  8 
chopper/converters.  Four  of  the  quadrupole  strings  are 
below  400  A  but  need  two  modules  each  because  the 
voltages  are  above  500  V.  The  other  15  circuits  require  only 
one  module  since  currents  and  voltages  are  all  below  400  A 
and  500  V. 

The  power  circuit  of  the  dc-dc  converter  module  is 
shown  in  Fig.  3.  It  is  based  on  a  design  by  an  engineering 
team  at  LLNL  (Ref5).  Two  600  A,  1200  V  IGBTs  are 
alternately  gated  at  10  kHz  for  an  effective  20  kHz  internal 
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Fig.  2.  String  magnet  power  supplies.  Simplified  power 
circuit. 
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Fig.  3.  200  kW  dc-dc  converter  power  circuit. 
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The  AGS  Main  Magnet  Power  Supply  Upgrade* 
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I.  INTRODUCTION 

The  AGS  is  a  strong  focusing,  combined  function  magnet, 
particle  accelerator.  The  main  parameters  of  the  accelerator  arc  a 
peak  operating  energy  of  29.4  Gev,  a  peak  magnetic  field  of  1 1 .5 
kG,  a  typical  injection  field  of  0.9  kg,  an  injection  energy  of  1.5 
Gev,  and  a  maximum  pulse  repetition  rate  of  0.6  Hz.  The  injection 
is  from  a  rapid  cycling  Booster  synchrotron,  which  receives  either 
a  proton  beam  from  a  200  Mev  Linac,  or  a  Heavy  Ion  beam  from 
a  15MV  Tandem  Van  de  Graaf  Accelerator.  Flattops  of  up  to  2 
seconds  can  be  added  to  the  AGS  cycle  for  slow  extracted  beam 
applications.  Particles  accelerated  include  protons  (mass=l),  both 
polarized  and  non-polarized,  and  fully  striped  ions  up  to  gold 
(mass=197).  The  maximumproton  intensity  attained  thus  far  is 
60x10^13  particles  per  pulse.  Modes  of  operation  for  the  AGS  are 
full-turn  extraction  (2.5  usee),  slow  extraction  (1-2  sec),  and 
bunch-by-bunch  extraction.  These  modes  are  applicable  for  both 
protons  and  heavy  ions. 

The  peak  apparent  power  required  during  acceleration  is 
approximately  70  MVA  while  the  maximum  average  power 
needed  is  less  than  7  MW.  In  order  to  isolate  this  large  power 
swing  from  the  local  power  grid,  a  motor-generator  (MG)  set  is 
used  as  a  buffering  source.  The  MG  set  stores  approximately  315 
Kilojoules  of  energy  in  its  rotating  mass.  As  energy  is  drawn  to 
charge  or  discharge  the  ring  magnets,  the  speed  of  the  rotating 
mass  changes  in  such  a  manner  as  to  supply  the  required  load 
power  demand.  The  input  to  the  motor  is  controlled  by  a  power 
regulator  that  forces  the  input  power  to  be  equal  to  the  average 
losses  during  each  cycle.  The  line  sees  nearly  a  constant  load  equal 
to  the  system  losses.  The  peak  power  requirements  are  met  by 
changes  in  the  stored  energy  of  the  rotating  mass  that  translates 
directly  into  speed  variations.  Thus,  for  a  fixed  operating  cycle,  the 
losses  during  each  cycle  are  reproducible,  and  the  speed  oscillates 
around  an  average  value  and  is  returned  to  the  same  value  at  the 
beginning  of  each  supercycle. 

11.  POWER  RECTIFIERS 

The  AGS  Main  Magnet  Power  Supply  consists  of  a  group 
of  thyristor  controlled  power  converters  that  operate  from  full 
rectify  to  full  invert.  In  order  to  minimize  ripple  during  the  critical 
periods  of  injection  and  extraction  twenty-four  pulse  converters  are 
used  for  these  portions  of  the  cycle.  The  maximum 
voltage  available  in  this  mode  is  nominally  2000  volts.  The 

*  Worked  performed  under  the  auspices  of  the  U.S.D.O.E. 


converters  that  are  functional  during  this  portion  of  the  cycle 
are  called  the  flat-top  bank  or  "F’  bank  modules.  During 
acceleration  and  invert  where  voltages  of  up  to  12,000  volts  are 
needed  and  where  the  ripple  requirements  are  less  stringent, 
groups  of  twelve  pulse  converters  are  operational.  These 
converters  are  called  the  Pulsed  bank  or  "P"  bank  modules. 

The  original  controlled  rectifier  system  consisted  of  96 
large  mercury  filled  excitron  tubes  divided  equally  between  the  P 
bank  and  F  bank  converters.  These  devices  were  extremely  durable 
and  ran  successfully  for  over  twenty  years.  In  the  1980's  excitrons 
of  this  class  became  obsolete  and  it  became  impossible  to  buy 
replacement  tubes  or  to  repair  the  existing  tubes.  In  addition  to  the 
difficulties  in  replacing  bad  tubes  the  old  system  had  significant 
operational  draw  backs.  The  characteristics  of  these  tubes  required 
that  they  be  operated  at  an  elevated  temperature  so  that  an 
elaborate  water  temperature  regulation  system  was  required.  If  the 
tubes  were  operated  outside  the  correct  temperature  window  they 
were  subject  to  either  random  misfires  or  increased  time  delay  and 
jitter.  The  tubes  also  required  many  hours  of  warm  up  time  if  they 
were  allowed  to  cool  and  needed  to  be  conditioned  for  several  days 
after  a  prolonged  shutdown.  The  energy  lost  in  both  the  heating 
system  and  the  arc  drop  of  the  tubes  was  quite  significant 
compared  to  present  day  devices. 

It  was,  therefore,  decided  to  replace  the  excitron  "farm" 
with  multiple  arrangements  of  three-phase,  full-wave,  bridge 
modules  that  utilize  silicon  controlled  rectifiers  (SCR’s  or 
thyristors)  as  the  switching  element.  This  technology  provides  the 
capabilities  for  controlling  large  amounts  of  power  efficiently  with 
the  minimum  number  of  series  parallel  devices.  In  order  to  match 
the  existing  transformer  connections  and  buswork,  eight  identical 
modules  were  required;  four  for  the  P  bank  system  and  four  for  the 
F  bank  system.  The  D.C.  output  of  the  F  bank  modules  is  in  series 
with  the  load  and  one  P  bank  module  is  connected  in  parallel  with 
each  F  bank  module.  Each  of  the  eight  modules  consists  of  two  full 
wave  three  phase  bridges  in  parallel.  Each  leg  of  the  bridge 
consists  of  two  SCR’s  in  series.  The  modules  were  designed  and 
manufactured  by  Siemens,  AG,  of  Erlangen  Germany. 

In  order  to  reduce  noise  pickup  and  provide  electrical 
isolation  the  high  level  SCR  gate  triggers  are  provided  via 
fiberoptic  cable.  The  low  level  triggering  circuits  were  designed 
and  built  at  BNL  and  have  operated  successfully  in  the  Booster 
Main  Magnet  Power  Supply.  Isolated  monitoring,  in  the  foma  of 
DCCTs  (current)  and  DCPTs  (voltage),  is  necessary  to  minimize 
noise  pickup  in  critical  feedback  loops.  In  addition,  isolation  of 
both  analog  and  digital  signals  is  extremely  important  due  to  the 
high  voltages  and  power  levels  present. 

The  status  of  various  parameters  such  as  water  flow, 
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auxiliary  power  supply  performance,  trigger  circuitry  failure,  over 
voltage ,  overcurrent,  and  loss  of  phase  reference  are  monitored  via 
a  programmable  logic  controller  (PLCs).  The  PLCs  use  isolated 
input  and  ou^ut  modules  for  various  voltage  levels  from  TTL  to 
150  Vdc  to  125  Vac.  These  devices  are  extremely  flexible  and 
have  allowed  modifications  and  improvements  that  have  enhanced 
the  performance  over  any  equivalent  hard  wired  system.  In 
addition,  the  PLC’s  have  allowed  us  to  tie  the  converter  controls  to 
the  existing  MG  set  controls. 

At  the  high  power  levels  used  for  the  AGS,  protection  of 
the  SCRs  during  feult  conditions  is  a  very  important  consideration. 
The  SCR’s  are  not  as  "forgiving"  as  the  old  excitron  tanks.  The 
excitrons  had  tremendous  capacity  for  current  overloads  and  would 
generally  switch  to  a  conducting  state  during  a  severe  overvoltage 
condition.  These  conditions,  especially  an  overvoltage,  could  be 
disastrous  to  SCR’s.  In  addition  to  the  normal  or  "slow"  overload 
and  overtemperature  protection,  it  was  necessary  to  include  very 
fast  protection  that  acts  in  the  100  usee  to  low  msec  time  range. 
When  an  overvoltage  or  overcurrent  is  sensed  this  level  of 
protection  is  accomplished  by:  a)immediately  commanding  the 
rectifiers  into  invert,  b)  firing  a  set  of  free-wheeling  SCR’s, 
c)closing  a  fest  95  bypass  mechanical  switch,  and  d)  opening  a  fast 
acting  52  (<3  cycle)  circuit  breaker.  These  interlocks  are 
hardwired  to  their  various  control  devices.  In  addition,  for 
redundancy  and  logging,  they  are  also  connected  to  the  slower 
acting  PLC/relay  interlocks.  The  PLCs  are  used  to  coordinate  the 
various  sub-systems  in  addition  to  logging  all  systems  faults  in 
sequential  order  for  diagnostic  purposes.  These  features  were 
lacking  in  the  old  relay  system  and  have  greatly  reduced  the  time 
required  to  diagnose  and  repair  problems. 

III.  ANALOG  CONTROLS 

The  SCR  firing  control  range,  or  MMPS  controlled  dc 
ou^ut,  is  covered  by  an  accurate  set  of  ramp  generators  driven  by 
analog,  compensated  amplifiers  comprising  an  inner  voltage  loop 
and  an  outer  current  feedback  loop.  The  ramp  generators  use  stable 
components,  ac  low  pass  filters,  and  are  synchronized  to  the 
MMPS  generator/step-down  transformer  voltages.  The  loops  track 
both  voltage  and  current  reference  functions,  thus  resulting  in  very 
high  effective  loop  gain.  The  current  tracking  during  steady  state 
conditions  is  typically  <  1/5000.  The  sensors  for  the  voltages  and 
current  are  DCPT’s  and  a  DCCT. 

As  stated  earlier  the  P  and  F  bank  modules  are  connected 
in  parallel.  The  cycle  typically  begins  with  the  F  banks  active  at 
injection  levels.  As  acceleration  begins  the  P  banks  are  turned  on 
and  as  their  voltage  becomes  greater  than  the  F  bank’s  voltage  the 
F  bank  thyristors  commutate  off.  The  current  through  each  bank 
is  monitored  and  when  the  P  bank  is  commanded  on  and  the 
current  through  the  F  bank  goes  to  zero  the  triggers  are  removed 
from  the  F  bank.  At  this  point  the  error  amplifier  in  the  F  bank 
regulator  is  grounded  to  prevent  the  regulator  from  saturating. 
When  flat-top  is  reached,  the  P  bank  voltage  is  gradually  reduced 
and  the  F  bank  voltage  regulator  is  reactivated.  When  the  P  bank 
voltage  is  less  than  the  F  bank's  voltage,  it  will  commutates  off. 
When  the  P  banks  current  reaches  zero,  its  triggers  are  removed 
and  its  error  amplifier  is  grounded.  This  process  is  repeated 


throughout  the  cycle.  The  transition  period  required  to  switch 
between  P  and  F  bank  modules  is  typically  10  to  20  msec. 

IV.  COMPUTER  CONTROLS 

In  order  to  increase  AGS  versatility  it  is  highly  desirable 
that  the  switchover  between  different  cycles  be  easily  and  rapidly 
accomplished.  In  addition,  pre-programmed  cycle  storage  and 
retrieval  is  necessary.  This  is  accomplished  by  designing  a  set  of 
vector-driven  function  generator  hardware  and  software.  The 
devices  are  interfaced  to  the  AGS's  hierarchical  networked  control 
system.  Thus  functions  can  be  constmeted  and  executed  from  any 
place  in  the  system.  Up  to  four  different  functions  can  be  stored  in 
local  buffer  tables  and  can  be  executed  upon  issuing  of  a  main 
supercycle  timing  event.  The  application  code  for  the  system 
begins  from  a  definition  of  the  desired  main  magnetic  field  function 
(beam  momentum).  Using  the  magnetic  field  measurement  data, 
the  required  magnet  current  is  calculated.  Utilizing  the  electrical 
parameters  of  the  MMPS  circuit  the  total  voltage  and  the  voltage 
per  module  are  calculated.  The  parameters  are  "tuned"  to  optimize 
the  final  results.  Using  generic  application  software  tools,  they  are 
synthesized  into  a  series  of  vectors  defined  by  a  beginning  time  and 
a  slope,  and  sent  to  local  device  controller  where  they  are  stored  in 
memory  buffers.  The  voltages  become  reference  inputs  to  the 
voltage  loops  and  the  current  is  sent  to  the  overall  outer  current 
loop.  Upon  issuing  an  execution  command,  the  table  is  sequentially 
sent  to  the  analog  loops  via  16-bit  DAC’s.  In  actual  operation,  the 
voltage  functions  alone  generate  a  magnet  current  that  closely 
approximates  the  desired  field.  The  outer  current  loop  assures  the 
final  trimming  which  controls  the  field  to  a  much  higher  accuracy, 
stability,  and  reproducibility  over  time  and  temperature  variations. 
A  simplified  block  diagram  of  the  voltage  and  current  loops  is 
shown  in  Figure  1 .  A  bode  plot  of  the  open  loop  transfer  function 
for  the  F  bank  regulator  is  given  in  Figure  2. 

The  ultimate  aim  in  the  AGS  MMPS  is  to  be  able  to 
switch  fiinctions  or  cycles  on  a  pulse-by-pulse  basis.  Presently  this 
is  not  permitted  by  the  high  power  circuitry  of  the  MMPS  and  by 
the  ac  power  line  swing  that  is  presently  limited  to  4-/-500  kW. 
The  MMPS  speed  control  and  excitation  systems  are  in  the  process 
of  being  upgraded  to  encompass  computer  and  function  control 
capabilities. 
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Abstract 

The  Advanced  Photon  Source  (APS)  booster  ramp  cycle  is 
completed  within  250ms  and  repeated  at  2Hz.  Separate  phase- 
controlled  power  supplies  deliver  current  to  each  of  the  dipole, 
quadrupole,  and  sextupole  magnet  families.  Tracking  require¬ 
ments  are  particularly  challenging  because  of  the  fast  (non-res¬ 
onant)  ramp.  In  order  to  meet  the  requirements,  both 
conventional  regulation  and  cycle-to-cycle  adaptation  are  used. 
The  power  supply  system  and  its  performance  are  described. 


I.  INTRODUCTION 

The  APS  booster  uses  a  simple  FODO  magnet  lattice  con¬ 
sisting  of  68  dipole,  80  quadrupole,  and  64  sextupole  magnets. 
The  quadrupole  magnets  are  connected  in  chains  of  40  mag¬ 
nets  creating  ‘focussing’  and  ‘defocussing’  families.  Similarly 
for  the  sextuples  with  32  magnets  per  family. 

During  routine  operation  of  the  booster  the  betatron  tunes 
should  remain  constant  throughout  the  energy  ramp  cycle  and 
from  cycle  to  cycle.  Since  the  tunes  are  determined  by  the  rela¬ 
tive  strengths  of  the  quadrupole  and  dipole  magnets,  the  ratio 
of  currents  in  the  magnet  chains  must  also  remain  constant. 
Any  deviation  from  the  nominal  current  profile  will  result  in  a 
deviation  from  the  nominal  tunes;  how  large  a  deviation  is  tol¬ 
erable  will  determine  the  magnet  power  supplies’  performance 
criteria.  Whilst  in  principle  the  dipole  current  could  follow  any 
path  from  the  injection  to  extraction  levels,  we  have  chosen  to 
use  a  linear  ramp  to  simplify  the  tracking  control  of  all  the 
magnets.  During  a  typical  ramp  cycle,  beam  is  accelerated  at  a 
nominal  29MeV/ms.  This  corresponds  to  a  rise  rate  of  -4A/ms 
for  the  dipole  and  ~2.5A/ms  for  the  quadrupoles. 


IT  REQUIREMENTS 

The  APS  booster  tune  sensitivities  are  given  by  [1]: 


Ae-0.2 


Alquad  [A] 
“^[GeV] 


The  target  tune  error  throughout  the  ramp  is  0.02.  In  order 
to  achieve  this,  the  quadrupole  power  supplies  must  track  the 
dipole  to  within  -0.1%.  Power  supply  ramp  tracking  errors  can 
occur  within  a  single  ramp  cycle  and  from  cycle  to  cycle. 

The  booster  is  reasonably  tolerant  to  chromatic  effects. 
Therefore,  since  control  of  the  sextupole  ramps  is  not  nearly  so 
critical  as  with  the  quadrupoles,  a  maximum  tracking  error  of 
1%  is  allowed  in  the  sextupole  currents. 

Ramp  characteristics  for  all  the  magnets  are  determined 
from  a  least-squares  linear  fit  to  the  measured  current  wave¬ 
forms.  Three  factors  are  identified:  the  slope  of  the  fit,  the  zero 
(current)  crossing  time  of  the  fit  relative  to  beam  injection,  and 
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the  deviation  from  the  fit  as  a  function  of  current  (AI/I). 

Table  1  shows  the  worst  case  error  in  each  of  these  three 
parameters  if  the  entire  tolerance  were  to  be  taken  up  by  any 
one  of  the  parameters. 


Table  1 :  Target  Worst  Case  Errors  in  Quadmpole  Ramps 


Linear  Fit 
Characteristic 

Nominal 

Value 

Worst  Case 
Error 

Ramp  AI/I  (%) 

0.0 

0.1 

Ramp  Slope  (A/ms) 

2.5 

0.003 

Zero  Crossing  (ms) 

12.5 

0.018 

In  practice  of  course,  there  will  always  be  errors  in  each  of 
these  parameters,  so  the  actual  errors  have  to  be  even  smaller, 
although  it  is  worth  noting  that  errors  do  not  necessarily  add  up 
in  quadature. 

III.  POWER  SUPPLY  OVERVIEW 

Each  of  the  five  power  supplies  consists  of  a  12-pulse  thy¬ 
ristor-controlled  bridge  rectifier  and  an  associate  ripple  filter. 
The  12  pulses  are  generated  from  two  pairs  of  3-pulse  half¬ 
bridges  connected  via  interphase  transformers.  Figure  1  shows 
a  simplified  schematic  of  the  quadrupole  power  supply.  The 
dipole  power  supply  is  similar  except  that  two  such  power  cir¬ 
cuits  are  series-connected  in  a  ‘master-slave’  arrangement.  The 
nominal  operating  conditions  are  given  in  Table  2. 
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Table  2:  Nominal  Magnet  Parameters  (*  focusing  magnet) 


Dipole 

Quad* 

Sext* 

Current  @  450MeV  (A) 

58.0 

39.3 

~8 

Current  @  7GeV  (A) 

902.5 

610.8 

-160 

Nom.  di/dt  (A/ms) 

3.93 

2.50 

-0.6 

Load  Inductance  (H) 

0.55 

0.058 

0.012 

Load  Resistance  (Q) 

1.26 

0.73 

0.8 

The  original  power  supply  design  did  not  incorporate  free¬ 
wheel  devices,  however  it  was  discovered  that  the  power  sup¬ 
ply  behaved  differently  at  low  currents  than  at  higher  currents. 
This  was  believed  to  be  a  consequence  of  the  magnetization  of 
the  interphase  transformer  as  the  current  increased.  Adding 
freewheeling  devices  to  each  half-bridge  has  helped  to  reduce 
the  magnitude  of  these  non-linearities. 

IV.  CONTROL  SCHEME 

Figure  2  shows  the  simplified  scheme  used  to  regulate  the 
current  in  each  of  the  five  magnet  families.  Two  control  loops 
are  shown:  a  primary  voltage  loop  and  a  secondary  current 
loop.  Presently,  only  the  voltage  loop  is  implemented.  Due  to 
the  relatively  long  time  constants  of  the  magnets  (dipole: 
540ms,  quadrupole:  79ms)  the  bandwidth  of  the  current  loop  is 
far  too  low  to  be  used  as  the  primary  loop,  so  the  faster  voltage 
loop  is  supplied  with  its  own  reference  waveform  correspond¬ 
ing  to  the  'Ldi/dt  +  iR'  load  voltage. 

To  date,  the  implementation  of  the  current  loop  (shown 
dotted  in  the  figure)  has  been  considered  unnecessary  since 
corrections  for  drift  are  made  using  software  feedback.  How¬ 
ever,  the  current  loop  will  shortly  be  implemented  since  it  is 
now  believed  that  it  will  help  to  reduce  cycle-to-cycle  jitter. 
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Figure  2:  Control  Scheme  Block  Diagram 


Reference  waveforms  will  be  generated  using  in-house 
designed  arbitrary  function  generators  (AFG)  mounted  in  a 
VME  controller  and  accessed  via  the  APS  control  system.  Each 
waveform  record  will  consist  of  8K  discrete  16-bit  values.  The 
waveform  records  are  sent  to  the  power  supply  digital-to-ana- 
log  converter  at  17.2kHz,  giving  a  waveform  duration  of 
475ms.  By  extending  the  duration  of  the  waveforms  past  the 
250ms  required  for  the  ramp  cycle,  the  current  decay  can  also 


be  controlled.  A  dual  waveform  buffer  allows  a  new  waveform 
to  be  loaded  in  background  and  then  swapped  to  the  fore¬ 
ground  between  cycles.  Updates  can  therefore  be  made  to  the 
reference  waveforms  without  loss  of  ramp  cycles. 

Extensive  monitoring  of  all  waveforms  (Vref,  Iref,  Vout, 
lout,  Bdot)  is  already  done  using  proprietary  16-bit  digitizers 
which  sample  the  waveforms  at  20kHz.  The  monitored  wave¬ 
forms  are  downloaded  to  the  control  system  at  the  end  of  each 
cycle  to  be  used  by  the  software  control  system  and  for  future 
analysis. 

V.  POWER  SUPPLY  TRANSIENTS 

The  most  challenging  part  of  this  system  is  handling  the 
power  supply  transients  at  the  start  of  the  current  ramp.  Since 
the  power  supply  bandwidth  is  limited  (at  best)  to  360Hz  by 
the  12-pulse  thyristor  bridge,  it  is  not  possible  to  meet  the  per¬ 
formance  criteria  with  a  conventional  regulator  alone.  The 
response  of  the  quadrupole  power  supply  voltage  loop  to  vari¬ 
ous  step  inputs  is  shown  in  Figure  3. 


Figure  3:  Step  Response  Family  of  Quadrupole  Power  Supply 

In  order  to  artificially  extend  the  system  bandwidth,  the 
nominal  voltage  reference  is  modified  to  accommodate  the 
inverse  response  of  the  power  supply,  thereby  cancelling  tran¬ 
sients  in  the  output  voltage. 

For  a  general  linear  system  having  the  response  vector  Y 
to  an  input  vector  X,  the  response  matrix  A  is: 

Y  =  AxX 

By  inverting  the  response  matrix,  it  becomes  possible  to 
calculate  the  input  vector  required  to  produce  a  given  output, 
where  A'^  is  the  matrix  inverse  of  A: 

X  =  xY 

In  practice,  straightforward  determination  of  a  single 
inverse  response  matrix  useful  over  a  broad  range  of  conditions 
has  proven  difficult.  So  far,  the  approach  has  been  to  iteratively 
correct  the  voltage  reference  by  hand  until  errors  in  the  output 
current  are  reduced  to  allowable  tolerances  [1]. 

An  approach  which  is  currently  being  pursued  is  the  use  of 
adaptive  signal  processing  techniques.  Such  techniques  have 
already  been  used  to  create  a  forward  model  of  the  power  sup¬ 
ply  from  its  measured  response.  The  least-mean-square  (LMS) 
algorithm  [2]  was  used  to  determine  the  coefficients  of  a  60- 
element  finite  impulse  response  (FIR)  digital  filter  which  accu¬ 
rately  modelled  the  measured  response  of  the  power  supply. 
The  intention  is  to  use  similar  techniques  to  determine  the 
coefficients  for  an  FIR  filter  with  the  required  inverse  response. 
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VI.  RAMP  STABILITY 


In  addition  to  the  single-cycle  performance,  cycle-to-cycle 
repeatability  and  long  term  stability  are  essential  if  the 
machine  is  to  operate  on  a  daily  basis  without  significant  oper¬ 
ator  intervention.  Two  effects  are  apparent:  slow  drift  of  the 
ramp  parameters  and  cycle-to-cycle  random  jitter.  The  most 
apparent  cause  of  drift  has  been  changes  in  the  AC  line  voltage. 
Figure  4  shows  the  effect  of  the  AC  line  voltage  on  the  slope  of 
the  dipole  ramp  without  (software)  feedback.  The  large  steps 
seen  in  the  AC  line  occur  when  the  booster  IMW  rf  power 
system  is  turned  on  and  off. 


Time  Of  Day  (h) 


Figure  4:  Effect  of  AC  Line  Voltage  on  Dipole  Slope 

Whilst  in  a  normal  operating  mode  such  sudden  changes 
in  the  line  voltage  are  unlikely,  slow  changes  over  a  much 
wider  range  are  common.  Since  the  changes  in  slope  are  rela¬ 
tively  small  in  real  terms,  a  high  regulator  gain  would  be 
required,  and  this  cannot  be  achieved  on  our  system. 

The  most  significant  contribution  to  cycle-to-cycle  jitter 
has  been  the  condition  of  the  power  supply  just  prior  to  the 
start  of  the  ramp  cycle.  Since  the  power  supply  is  unable  to  reg¬ 
ulate  to  a  ‘zero’  reference,  it  is  necessary  to  run  with  a  small 
positive  DC  bias.  This  puts  the  regulator  at  a  consistent  and 
defined  position  at  the  start  of  the  ramp. 

A  further  improvement  of  about  a  factor  of  two  in  cycle- 
to-cycle  jitter  has  been  achieved  by  smoothing  the  initial  step 
in  the  voltage  reference  waveform,  making  it  close  to  a  cubic 
tum-on.  This  has  the  effect  of  reducing  the  integrated  voltage 
error  since  the  power  supply  is  better  able  to  track  the  smoother 
reference. 

VIL  SOFTWARE  FEEDBACK 

In  addition  to  the  software  techniques  used  to  automati¬ 
cally  tune  the  ramps  [1],  a  software  feedback  system  known  as 
‘Bcontrol’  is  used  to  continuously  correct  for  drift  in  the  slope 
and  zero  crossing  of  the  linear  fit  parameters.  A  background 
process  carries  out  the  least-squares  linear  fit  at  the  end  of 
every  ramp  cycle.  These  fit  parameters  are  then  made  available 
to  the  remainder  of  the  control  system.  Corrections  to  the  zero¬ 
crossing  time  are  made  by  moving  the  trigger  point  for  the 
appropriate  waveform  generator;  small  corrections  to  the  slope 
are  made  by  an  overall  scaling  of  the  voltage  reference  wave¬ 
form.  Both  of  these  actions  can  occur  between  each  cycle  and 
are  therefore  transparent  to  beam  operation.  The  effect  of  using 
‘Bcontrol’  on  the  zero  crossing  can  be  seen  in  Figure  5. 
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Figure  5:  Effect  of  ‘Bcontrol’  on  the  Ramp  Zero  Crossing 

VIII.  OPERATING  EXPERIENCE 

The  APS  booster  has  been  routinely  producing  7GeV 
beam  since  January  1995.  Throughout  this  time,  only  a  12-bit 
waveform  generator  has  been  available.  However,  it  has  still 
been  possible  to  manually  tune  the  ramps  to  well  within  0.5% 
AI/I  (limited  by  the  patience  of  the  operator).  Early  on,  it  was 
found  that  whilst  the  waveform  generator  provided  12-bit  reso¬ 
lution,  it  only  provided  around  10-bit  stability  which  proved 
inadequate  for  reliable  beam  operation.  Thermal  drift  was 
found  to  be  the  major  cause  of  the  limited  stability,  and  by 
close  control  of  the  electronics  temperature,  it  has  been  possi¬ 
ble  to  significantly  improve  the  stability  of  the  reference. 

Cycle-to-cycle  jitter  is  now  the  biggest  problem,  it  being 
around  10-20|as  rms.  The  most  significant  improvements  in 
stability  are  expected  to  come  from  the  new  16-bit  waveform 
generator  and  from  the  implementation  of  the  current  loop. 

IX.  FUTURE  ENHANCEMENTS 

Presently,  the  three  magnet  systems  are  independent  and 
there  is  no  direct  attempt  to  correct  the  quadrupole  waveforms 
from  dipole  tracking  errors.  This  will  be  implemented  in  the 
coming  months.  The  ultimate  level  of  control  would  come 
from  feeding  back  directly  from  the  measured  betatron  tunes, 
particularly  during  the  early  part  of  the  ramp  cycle  when  the 
beam  is  most  sensitive.  Simple  feedback  based  on  the  tunes  at 
injection  is  already  underway,  using  the  beam  position  moni¬ 
tors  to  measure  the  tunes.  However,  a  full  tune  measurement 
system  is  currently  being  commissioned,  and  the  intention  is  to 
ultimately  make  this  part  of  the  ramp  control  scheme. 

X.  ACKNOWLEDGMENTS 

Thanks  are  extended  to  Howard  Pfeffer  and  Dan  Wolfe, 
both  of  FNAL,  for  their  interest  and  valuable  suggestions. 

The  authors  would  like  to  thank  Oscar  Despe,  Frank  Lenk- 
sus.  Bob  Laird,  Claude  Saunders,  and  Ju  Wang  for  developing 
new  hardware,  Michael  Borland  for  developing  waveform 
monitoring  and  analysis  programs,  and  Anthony  Puttkammer 
for  repairing  the  system  after  our  less  successful  efforts. 

XL  REFERENCES 

[1]  S.  Milton,  J.  Carwardine,  “Ramp  Tuning  of  the  APS 

Booster  Synchrotron  Magnet  Power  Supplies,”  these  pro¬ 
ceedings. 

[2]  B.  Widrow,  S.  Steams,  Adaptive  Signal  Processing. 

(Prentice  Hall,  1985). 


1969 


A  DISTRIBUTED  DIPOLE  POWER  SUPPLY  SYSTEM  FOR 
THE  EUTERPE  ELECTRON  RING 

A.H.  Kemper,  Boling  Xi,  R.W.  de  Leeuw,  W.H.C.  Theuws,  J.LM.  Botman, 
CJ.  Timmermans,  H.L.  Hagedoom,  R.GJ.  Oude  Velthuis. 

Eindhoven  University  of  Technology,  Cyclotron  Laboratory, 

P.O.  Box  513,  5600  MB  EINDHOVEN,  the  Netherlands 


A  distributed  power  supply  system  is  described  for  the 
bending  magnets  of  the  400  MeV  electron  synchrotron  and 
storage  ring  EUTERPE.  The  system  consists  of  a  series 
connection  of  alternately  power  supplies  and  dipoles.  In  this 
concept  the  leakage  current  of  internally  cooled  coils  of 
dipoles  is  minimized.  The  advantages  of  one  big  power 
supply  with  equal  current  through  all  coils  and  of  separated 
power  supplies  with  a  low  voltage  hence  low  leakage 
currents,  are  combined.  Individual  correction  of  dipoles  and 
current  stabilization  can  be  provided.  As  the  individual 
power  supplies  have  extra  power  capacity,  failure  of  a 
single  unit  will  be  corrected  by  the  others,  which  implies  a 
large  overall  reliability  of  the  system. 

L  INTRODUCTION. 

At  the  Eindhoven  University  of  Technology  the  400 
MeV  electron  storage  ring  EUTERPE  (see  figure  1)  is 
under  construction  [1].  The  purpose  of  this  project  is 
twofold,  studies  are  made  and  experience  is  gained  in  the 
field  of  beam  dynamics  and  accelerator  techniques, 
applications  of  synchrotron  radiation  are  pursued. 


Figure  1:  EUTERPE  synchrotron 

The  circumference  of  the  ring  is  40  meters.  The 
RaceTrack  Microtron  Eindhoven  (RTME)  injects  electrons 
at  75  MeV  (2).  The  ring  has  12  identical  dipole  magnets  of 
unconventional  design  and  construction  (3).  They  have  a 
weight  of  600  kg  each,  and  consist  of  5  blocks  of  laminated 
iron  which  are  glued  together.  The  gap  width  is  2.5  cm,  the 
pole  size  is  12  cm  by  48  cm.  The  coils  are  placed  above 
and  below  the  air  gap.  Each  coil  consists  of  84  turns  of 


hollow  copper  conductor,  6x6  mm  with  a  bore  of  3.5  mm 
diameter  for  water  cooling.  The  total  inductance  (L)  of  the 
two  coils  in  series  is  102.8  mH,  the  resistance  (R)  of  the 
circuit  is  167  mD.  The  magnetic  field  varies  between  0.25 
T  and  1.35  T,  corresponding  to  electron  energies  of  75  MeV 
and  400  MeV.  For  this  an  excitation  current  per  turn 
between  30  A  and  170  A  is  required. 

This  paper  describes  the  power  supply  and  its  driving 
circuit  for  the  twelve  dippole  magnets.  For  this  system  we 
have  the  following  set  of  demands. 

*  The  current  has  to  be  adjustable  from  20  A  to  200  A. 

*  For  each  dipole  a  supply  voltage  of  at  least  30  V  must 
be  available. 

*  The  relative  drift  of  the  current  should  be  less  than 
10■^  measured  over  a  period  of  8  hours. 

*  The  difference  between  the  supply  currents  of  any  two 
dipoles  related  to  the  average  supply  current  must  be 
less  than  10^. 

An  obvious  solution  is  to  connect  all  dipoles  in  series. 
Then  a  supply  voltage  of  at  least  12  •  30  V  =  360  V  is 
needed.  This  solution  has  the  disadvantage,  that  the  voltage 
of  the  connections  of  several  dipoles  is  dangerously  high, 
requiring  shielding  of  these  connections.  Moreover  the 
isolation  between  the  inductors  and  the  iron  dipole  core, 
which  is  grounded,  has  to  meet  high  requirements. 
Furthermore  as  the  coils  are  internally  cooled  by  water, 
differences  in  the  individual  magnet  supply  current  may 
exist,  caused  by  leakage  currents  through  the  cooling  water. 

Another  solution  is  to  provide  each  dipole  with  its  own 
30  V  /  200  A  power  supply.  However  in  this  way  it  becomes 
difficult  to  get  all  the  supply  currents  precisely  the  same, 
because  separate  control  circuits  are  needed,  which  also 
makes  the  system  more  complex.  In  the  next  section  an 
alternative  solution  is  proposed,  which  combines  the 
advantage  of  one  big  power  supply  with  equal  current 
through  all  coils  with  that  of  separate  power  supplies  with 
low  voltage. 

11.  DISTRIBUTED  POWER  SUPPLY  SYSTEM. 

Here  we  propose  to  take  n  identical  30  V  /  200  A  power 
supplies  in  series.  Connect  a  dipole  between  every  power 
supply  (see  figure  2).  Then  at  any  point  the  supply  voltage 
is  low,  the  current  through  the  dipole  magnets  is  the  same 
(the  dipoles  are  in  series),  apart  from  the  ledcage  current. 
The  difference  in  leakage  current  is  n  times  smaller  than 
using  a  single  power  supply.  Moreover,  only  one  control 
circuit  is  needed.  This  is  a  major  advantage  with  regard  to 
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using  n  supplies.  The  repair  after  a  failure  of  a  single  unit  is 
easy.  The  defect  power  supply  can  easily  be  replaced  by  a 
stand-by  unit.  This  stand-by  unit  is  relative  cheap.  Because 
standard  power  supplies  can  be  used,  we  emphasize  that 
this  method  provides  a  low  cost  solution. 


Figure  2:  Schematic  using  dipoles  and  power  supplies 
in  series. 


It  is  well  known  that  the  reliability  for  individual  power 
supplies  in  series  is  less  than  the  reliability  of  one  big 
power  supply.  However,  overrating  the  power  supplies,  the 
other  n-1  power  supplies  are  able  to  take  over  the  function 
of  a  failing  power  supply.  Then  [4],  the  reliability  of 
individual  power  supplies  in  series  is  higher  than  the 
reliability  of  one  big  power  supply.  However  diodes,  in 
parallel  with  the  power  supplies,  are  needed.  In  this  way 
the  current  loop  is  not  interrupted. 

A  simple  improvement  to  this  method  can  be  made;  one 
side  of  the  inductor  of  the  dipole  magnets  has  a  positive 
potential  (+V2U)  with  respect  to  earth,  while  the  other  side 
of  the  inductor  has  a  negative  potential  (-V2U).  In  this  way 
the  leakage  currents  through  the  cooling  water  are 
alternating  positive  and  negative.  This  reduces  the 
differences  in  excitation  current  in  comparison  with  the 
method  above  (see  figure  3). 


Figure  3:  Distributed  power  supply  system,  symmetric 
with  regard  to  ground.  The  dashed  resistors  denote  the 
resistance  of  the  cooling  water. 


III.  INDIVIDUAL  DIPOLE  CORRECTION. 

Because  of  temperature  differences,  leakage  currents 
through  the  cooling  water,  mechanical  tolerances,  etc.  the 
dipoles  cein  differ.  Moreover  extra  bending  capacity  may  be 
required  for  closed  orbit  corrections.  A  method  to  correct 


the  magnetic  field  in  each  dipole  by  means  of  a  small 
separate  current  source  is  shown  in  Figure  4.  Here  all 
correction  currents  11,1*2 » shown.  The  total  current  is 
given  by:  /„  =  /^  +  where  is  the  common  excitation 
current. 


Figure  4:  Schematic  using  the  dipoles  in  series  with 
the  power  supplies  and  individual  correction. 

However,  this  solution  has  the  problem  that  when  the 
current  through  one  dipole  is  corrected,  the  current  through 
the  other  dipoles  also  changes.  It  would  be  nice  to  control 
the  current  through  a  dipole  separately  from  the  other 
dipoles  by  a  separate  control  variable.  For  this  we  make  the 
following  analysis.  From  Figure  4  follows: 

=  i  /  +  1  2  > 

4  =  /';  +  f  2  +  *  i  +  » 

with  /'  the  correcting  current  for  dipole  n  and  i„  the 
total  correcting  current  in  this  dipole. 

In  matrix  notation  this  is  written  as: 

(1) 

with  the  vectors  and  the  coefficient  matrix  given  by: 
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Suppose  that: 

^  =  Bu,  (2) 

with  B  the  transformation  matrix  from  w  to  T  and  u  as  the 
wanted  control  vector  (with  elements  M;  up  to  and  including 
w„). 

Following  from  (1)  and  (2): 

i  =  ABu  . 

As  Uk  may  only  influence  (with  1  <  k  <  n  ),  the  following 
equations  must  be  realized:  /  =  a  I  m  ,  with  I  the  nxn  unit 
matrix  and  a  a  scalar  to  be  defined  later. 

Hence: 
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B  =  aA-^ 

This  results  in: 

j/=aA'^u, 

The  inverse  of  A  is: 

"10 . 0 

-1  1  0  ....  0 

A’^=  0  -1  1  0  .  .  .  0 

^0  0  0  0.0  -1  1 

From  this  we  obtain: 

i'  ^  a  Uj, 

i  2  -  a(u2‘  Ui) , 


with  a  a  constant  which  has  to  be  specified  according  to 
the  required  correction  current  and  the  available  control 
voltages. 


Conclusion:  Individual  dipole  correction  is  possible 
using  different  control  voltages. 

Figure  5  gives  a  possible  realization  for  individual 
correction. 


Figure  5:  Possible  realization  to  correct  the  current 
through  each  dipole. 


concluded:  the  drift  at  the  output  of  the  amplifier  is 
equivalent  to  an  input  current  drift  of: 

(210-^/+  10'^  )A/^ 

Further  it  is  desirable  to  place  the  current  shunt  and 
measuring  equipment  in  an  oven.  The  stability  of  the 
temperature  in  the  oven  must  be  within  0.4  K.  This 
requirement  is  relatively  simple  to  realize. 

To  stabilize  the  current  it  is  desirable  to  know  the 
dynamic  behavior  of  the  current  loop.  Neglecting  the 
parasitic  effects,  we  find  with  n  power  supplies  and  n  coils 
(inductor  and  resistor)  placed  in  series  an  admitance: 

y((B)  =  -i - \ - , 

n/?  1  +  jmx 

with  the  time  constant  Tj  =  L/R.  Measurements  on  a  dipole 
prototype  showed  Xj  =  0.62  s. 

A  second  time  constant  X2  is  introduced  by  the  dynamic 
behavior  between  the  output  voltage  of  the  n  power 
supplies  and  the  driver  voltage.  This  time  constant  is  about 
3  ms.  About  the  parasitic  effects  the  following  remarks  can 
be  made:  Iron  losses  in  the  core  are  negligible  because  of 
the  use  of  laminated  iron.  Crosstalk  between  the  turns  is 
only  relevant  at  frequencies  above  20  kHz.  By  placing  a 
filter  in  the  loop,  this  effect  can  be  suppressed.  In  this  way 
parasitic  oscillaton  can  be  avoided.  By  choosing  the 
integration  time  constant  of  the  Pl-controller  the  same  as 
the  time  constant  of  the  dipoles  (Xj)  (see  Figure  5)  and 
making  the  static  open  loop  gain  equal  to  x  1/2X2,  the  closed 
loop  behavior  is  similar  to  a  second  order  critically  damped 
process  (damping  ratio,  6  =  I/2V2). 

V.  CONCLUDING  REMARKS. 

The  use  of  a  distributed  power  supply  system  combines 
the  advantages  of  one  big  power  supply  with  those  of 
separate  power  supplies.  The  currents  in  all  dipoles  are  the 
same,  with  low  voltages  at  the  electrical  connections.  The 
leakage  current  is  low.  The  reliability  is  high  (10% 
overdesign).  The  repair-time  is  short  due  to  modular 
construction.  The  solution  is  economical  and  stabilization 
is  relatively  simple. 


IV.  CURRENT  MEASUREMENT  AND 
STABILIZATION. 

The  required  drift  of  the  current  source  less  than  10"^ 
over  a  period  of  8  hr  implies  at  least  the  same  stability  for 
the  current  measurement  system,  the  current  is  measured 
via  a  curent  shunt,  the  shunt  we  use,  has  an  output  voltage 
of  200  mV  at  a  acurrent  of  200  A.  the  stability  of  the  shunt 
is  2- 10“^  /K.  the  measured  output  voltge  is  amplified  by  a 
factor  of  25  using  an  instrumentation  amplifier,  which  has 
an  input  drift  of  ^10’^  V/K.  From  this  the  following  can  be 
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A  20  AMPERE  SHUNT  REGULATOR  FOR 
CONTROLLING  INDIVIDUAL  MAGNETS  IN  A  SERIESED  STRING 

E.  J.  Martin,  N.  Dobeck,  G.  S.  Jones,  M.  K.  O’Sullivan, 

Continuous  Electron  Beam  Accelerator  Facility,  Newport  News,  VA  23606  USA 


At  the  CEBAF  accelerator,  groups  of  dipole  magnets 
are  often  connected  together  in  series  and  powered  from  a 
single  large  constant-current  regulated  DC  supply,  referred 
to  locally  as  a  “box”  supply.  Besides  the  economy  realized, 
this  configuration  promotes  correct  field  tracking  of  all 
elements  of  a  beam  transport  channel.  However,  it  is  often 
desirable  to  vary  the  current  in  one  element  of  a  string 
independently  of  the  others,  particularly  at  the  entrance  and 
exits  of  transport  channels.  A  20  ampere  programmable 
current  shunt  is  described.  Installed  in  parallel  with  the 
desired  magnet,  it  permits  shunting  (bypassing)  up  to  5%  of 
the  string  current  around  that  magnet. 

The  shunt  regulator  consists  of  a  bank  of  MOSFET 
power  transistors  operated  in  linear  mode.  Regulation  of 
current  through  the  passbank  is  obtained  by  feedback  from 
a  manganin  shunt  maintained  at  a  constant  temperature  for 
stability.  The  module  is  designed  for  remote  operation  and 
provides  readbacks  of  various  parameters  useful  for 
maintenance.  To  achieve  complete  electrical  isolation,  an 
onboard  microprocessor  provides  remote  communications 
via  an  opto-isolated  serial  data  link.  Constructional  details 
and  initial  operating  experience  with  the  plug-in  shunt  are 
described. 

1.  INTRODUCTION 

A  prototype  20  Ampere  Shunt  Regulator  was  initially 
described[l].  This  paper  reports  on  the  implementation 
and  operating  :esults  of  the  production  units  derived  from 
that  prototype.  Over  one  hundred  shunt  regulator  modules 
have  now  been  installed  at  CEBAF  and  are  currently 
operational. 

For  purposes  of  economy  and  convenience  in  energy 
tracking,  the  CEBAF  accelerator  places  up  to  40  bending 
magnets  in  a  series-connected  string.  Selected  magnets  in 
the  string  are  equipped  with  shunt  regulators,  which  can 
bypass  up  to  5%  of  full  power  supply  current  through  that 
magnet,  thus  providing  a  measure  of  individual  adjustment. 
The  shunts  use  paralleled  power  MOSFET  devices  as  the 
pass  elements.  The  current  through  the  passbank  is  sensed 
by  a  precision  shunt  resistor  and  linear  feedback  is  used  to 
control  the  output.  Each  shunt  must  be  individually 
programmable  &  monitored  from  control  room,  be 
electrically  and  mechanically  robust,  and  for  maintenance 
purposes  must  be  able  to  be  quickly  exchanged.  These 
objectives  were  successfully  achieved  with  the  compact 
400  watt  plug-in  module  described. 
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II.  DESIGN  APPROACH 

The  module  shunts  current  around  the  magnet  by 
varying  conduction  through  a  passbank  of  eight  parallel 
power  MOSFET  transistors.  Each  MOSFET  stage  is 
contained  in  an  independent  local  current-feedback  loop  to 
insure  each  parallel  stage  presents  equal  gain  and  load 
sharing  characteristics  to  the  overall  feedback  loop  (See 
Figure  1).  This  configuration  must  be  protected  against 
any  failure  which  would  cause  the  stage  to  "hog”  excess 
current,  typically  the  shorting  of  the  MOSFET  junction. 
Should  this  occur,  a  signalling  fuse  located  in  series  with 
the  MOSFET  source  lead  clears  and  the  blown  fuse  is 
reported  to  the  processor.  Load  current  is  re-distributed 
equally  amongst  the  remaining  stages.  An  important 
characteristic  of  the  chosen  topology  is  that,  with  the 
MOSFET’ s  gate-source  voltage  reduced  to  zero,  it  presents 
a  very  high  impedance.  Thus,  turning  off  the  control  power 
to  the  module  simply  results  in  zero  current  flow  through 
the  module;  a  fail-safe  mode. 


I  I  I 


I  ■  ■ 

•  I  ■ 

I  I  I 


Figure  1:  Detailed  circuitry  of  single  MOSFET 
drive  stage. 

The  eight  stages  are  paralleled  across  the  output  buss 
and  driven  from  a  common  controller  amplifier.  This 
amplifier  compares  signals  from  a  common  current 
measuring  shunt  and  a  DAC  reference  and  drives  the 
output  stages  to  achieve  constant  current  regulation  of  the 
entire  module  current  (Figure  2). 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1973 


Figure  2:  Basic  shunt  regulator  circuit.  Each 
MOSFET  has  local  feedback  loop. 


The  shunt  module  uses  the  same  Isothermal  Controller 
Module  (Highland  Model  M427)  used  by  the  CEBAF  trim 
power  supplies  [2].  This  module  contains  a  manganin 
shunt,  DAC,  and  reference  amplifier  integrated  on  a 
temperature  controlled  substrate.  Regulation  stability  of 
.05%  per  24  hours  is  achieved. 

Forced  air  cooling  was  chosen  to  simplify  the 
electrical  isolation  requirements  and  is  achieved  using 
airflow  obtained  from  a  blower  fan  mounted  in  the  top  of 
the  rack  in  which  the  shunt  cardcages  are  mounted. 

The  shunt  module  uses  a  Motorola  MC68701C  uP  for 
remote  communications,  readback  of  internal  levels,  and 
alarm  monitoring.  The  uP  and  readback  circuitry  was 
borrowed  intact  from  the  CEBAF  trim  boards[3].  Only  a 
few  lines  of  code  needed  to  be  changed  to  adapt  it  to  the 
shunt  usage,  which  shortened  the  project  tum-around.  A 
serial  communications  interface  is  used  to  communicate 
with  the  external  control  network  via  RS-485  protocol. 
The  link  operates  full  duplex  at  76.8  Kbaud.  Up  to  32 
shunts  may  share  a  common  RS-485  link. 

m.  ELECTRICAL  ISOLATION 

Shunt  modules  present  unique  requirements  for 
electrical  isolation.  Depending  where  on  the  magnet  string 
the  shunt  is  electrically  connected,  it  may  be  required  to 
"float"  at  up  to  600  VDC  above  Earth  Ground.  Total 
electrical  isolation  from  the  remote  programming  source, 
from  other  other  shunts  in  the  cardcage,  and  from  Earth 
Ground  is  required.  This  isolation  is  achieved  by 
transformer-isolation  of  the  supply  circuits  providing 
control  power  to  the  each  module  and  by  electrically 
isolating  the  modules  from  the  chassis  by  use  of  insulated 
supports  and  a  special  connector  mounted  on  GIO  laminate. 

Isolation  for  remote  programming  and  readback 
information  is  achieved  by  opto-isolating  the  RS-485 
communications  link  and  three  discrete  digital  control 


lines.  Initial  attempts  to  use  5KV  opto-isolators  were 
unsuccessful,  due  their  slow  rise  and  fall  time  response 
characteristics.  In  order  to  operate  the  link  at  76.8  Kbaud, 
use  of  fast  opto-isolators  (6N138s)  was  necessary.  Since 
the  6N138s  are  rated  at  only  3KV  breakdown,  it  was 
decided  to  doubly-isolate  each  signal,  passing  them  through 
two  tiers  of  opto-isolation.  The  common  circuitry  between 
these  two  tiers  is  connected  to  Earth  Ground.  Should  a 
voltage  surge  cause  an  opto-coupler  to  break  down,  the 
fault  current  would  be  intercepted  by  Earth  Ground  and  not 
applied  across  the  second  tier,  possibly  causing  it  to  fail  as 
well.  As  a  precaution,  all  input/output  circuits  are 
highpotted  to  3KV  DC  after  initial  assembly  of  the  chassis 
to  insure  integrity  of  isolating  circuitry.  Connections  to  a 
module  are  via  a  multipin  connector  which  is  isolated  from 
the  adjacent  module  and  from  chassis  ground  by  mounting 
it  on  an  insulated  bulkhead  fabricated  from  G-10  laminate. 
To-date,  the  isolation  scheme  has  worked  well.  No  failures 
of  these  circuits  to  maintain  electrical  isolation  have  been 
reported. 

IV.  DETAILS  OF  MODULE  CONSTRUCTION 

The  shunt  module  itself  is  constructed  on  an  10"  x  17" 
finned  aluminum  extrusion,  which  serves  as  a  heatsink. 
The  power  MOSFET  transistors  are  mounted  directly  to  the 
heatsink,  using  sockets  to  facilitate  replacement.  The 
heatsink  itself  serves  as  the  +LOAD  terminal,  forming  a 
common  connection  between  the  MOSFET  cases. 

All  low  level  circuitry  is  contained  on  three  removable 
circuit  boards  mounted  to  the  non-fmned  side  of  the 
heatsink.  The  three  boards  are  interconnected  by  a  wiring 
harness  and  plug-in  connectors.  This  facilitates  repair-by 
replacement. 

The  power  supply  board  contains  a  common  rectifier- 
filter,  from  which  is  developed  +24VDC,  +15VDC, 
+5 VDC,  -15VDC,  and  -24 VDC.  Three-terminal  linear 
regulators  are  used  to  develop  each  discrete  voltage.  The 
rectifier  is  fed  with  28V AC  from  a  step-down  transformer 
located  off  the  module  in  the  rear  apron  of  the  card-cage 
chassis.  This  transformer  has  5KV  winding  insulation. 

The  controller  board  contains  the  microprocessor, 
A-Ds,  and  analog  signal  conditioning  circuitry.  Two  A-D 
converters  are  employed.  A  16-bit  converter  is  dedicated 
to  readback  of  the  output  current.  A  12-bit  A-D  is 
multiplexed  to  monitor  output  voltage,  heatsink 
temperature,  isothermal  module  temperature,  and  an 
auxiliary  output  current  level. 

The  driver  board  contains  the  eight  parallel  driver 
stages  and  the  isothermal  module.  The  current  sensing 
resistors  connected  to  each  MOSFET  source  are  thermally 
coupled  to  the  main  heatsink  using  an  aluminum  bar  in  a 
manner  similar  to  that  of  the  power  supply  module.  The 
common  -LOAD  buss  employs  a  stamped  copper  buss  bar, 
soldered  perpendicular  beneath  the  driver  PCB. 
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V.  DETAILS  OF  CARDCAGE 
CONSTRUCTION 

The  shunt  modules  are  designed  to  slide  into  a 
cardcage-style  chassis,  making  electrical  connection  by 
means  of  a  connector  mounted  on  the  rear  apron  of  the 
heatsink.  Since  the  shunt  is  directly  connected  to  a  magnet 
string  with  potentials  as  high  as  600  VDC  above  Earth 
Ground,  safety  considerations  require  that  the  module  be 
totally  enclosed  in  a  chassis  whose  covers  are  interlocked 
to  the  dipole  string  power  supply. 

Unlike  a  conventional  power  supply,  for  the  shunt 
module  the  hazardous  source  of  power  is  the  box  power 
supply.  At  CEBAF,  the  shunt  cardcages  are  often  located 
in  entirely  different  buildings  than  the  box  supplies.  For 
this  reason,  it  is  necessary  to  completely  interlock  the  shunt 
modules  and  cardcage  to  that  box  supply.  Removable  front 
and  rear  chassis  covers  are  interlocked  to  the  box  supply  to 
prevent  personnel  access  to  the  shunt  module  while  the 
magnet  string  is  energized.  Heatsink  overtemperature  or 
loss  of  more  than  two  driver  stage  fuses  will  also  trip  off 
the  box  supply. 

For  safety  purposes  and  ease  of  interlocking  to  the  box 
supply,  only  shunts  connected  to  a  common  magnet  string 
are  housed  together  in  a  common  chassis.  To  suit  the 
CEBAF  applications,  two  cardcage  packages  were 
developed,  a  single-channel  and  a  four-channel  unit. 

In  the  single-channel  chassis,  the  shunt  module  slides 
in  horizontally  on  insulated  card  guides.  Because  airflow 
through  the  rack  is  in  a  vertical  sense,  an  integral  linear 
squirrel-cage  fan  is  employed  to  force  air  across  the 
heatsink  fins.  An  integral  airflow  sensor  is  interlocked  to 
the  box  supply  to  remove  power  should  this  fan  fail.  In  the 
four-channel  unit,  the  modules  mount  vertically,  and  air 
flows  directly  over  the  heatsink  fins  from  vents 
strategically  located  in  the  top  and  bottom  chassis  covers. 

VL  INITIAL  OPERATING  RESULTS 

From  an  operational  standpoint,  the  shunts  have 
worked  as  desired.  No  unusual  or  undesirable  modes  of 
operation  have  been  experienced.  A  single  module  design 
has  sufficed  for  all  applications  to  date.  Field  repair  of  a 
failed  module  is  accomplished  by  remove-and-replace, 
requiring  only  a  few  minutes  to  restore  service  to  a  faulted 
channel.  Remote  programming  and  readback,  via  the  RS- 
485  link,  has  worked  without  problem-validating  the 
strategy  of  using  the  same  microprocessor  circuitry  and 
software  as  the  time-proven  trim  cards[3]. 

There  are  presently  112  shunt  regulators  installed  and 
operational  at  CEBAF.  Typically,  one  module  shunts  one 
magnet,  however  there  are  eight  applications  where  a 
module  shunts  two  adjacent  magnets  in  a  string.  There  are 


34  four-channel  chassis  and  11  single-channel  chassis 
installed. 

In  the  past  three  and  one  half  months,  we  have 
accumulated  a  total  of  150,000  module-hours  of  operation 
[4].  Six  failures  have  been  experienced.  These  failures 
were  all  traceable  to  workmanship  errors  in  the  initial 
manufacture  (pinched  wires,  poor  solder  connections,  etc.). 
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ABSTRACT 

Approximately  1000  individual  X-Y  corrector  magnets 
will  be  installed  on  the  PEP-II  rings,  arcs,  and  injector  lines. 
Each  magnet  will  require  a  bi-polar  current  of  up  to  12  A,  with 
a  24  hour  stability  of  better  than  0.1%.  A  16  channel,  modular 
power  supply  design  has  been  developed  to  meet  this 
requirement,  with  emphasis  placed  on  reliability,  repair  time, 
and  installed  cost  per  channel.  This  design,  which  is  based  on 
a  6U  Eurocard  crate  architecture,  has  16  slots  for  individual 
drive  modules,  plus  a  17th  slot  for  crate  diagnostics  and 
interface  to  the  control  system.  The  crate  is  air  cooled.  Each 
drive  module  consists  of  an  H-Bridge  MOSFET  switching 
array,  input  and  output  filter  networks,  two  isolated  precision 
current  sensing  elements  (feedback  and  monitor),  and  an  error 
amplifier,  plus  extensive  fault  detection  and  current  limiting 
circuitry.  Technical  specifications,  diagrams,  and  test  results 
are  presented. 


INTRODUCTION 

The  PEP-II  project  will  consist  of  two  storage  rings,  each 
2.2  km  in  circumference,  plus  an  additional  4.6  km  of 
extraction,  bypass,  and  matching  beam  line  sections. 
Approximately  1000  horizontal  and  vertical  correction 
magnets  will  be  utilized  on  these  beam  lines,  with  the 
maximum  current  requirements  for  each  corrector  magnet 
ranging  from  ±6  to  ±12  Amperes.  Control  of  these  correctors 
will  be  distributed  between  two  fundamentally  different 
control  systems;  one  will  provide  an  analog  command  signal, 
the  other  will  provide  a  serial  digital  command  link. 

A  unified  design  architecture  is  desired  for  all  of  the 
corrector  power  supplies,  in  order  to  take  advantage  of  the 
economies  of  scale  and  mass  production,  and  to  simplify 
documentation  and  maintenance  procedures  for  the  entire 
installation.  A  modular  crate  architecture  has  been  chosen,  in 
order  to  meet  the  needs  of  the  various  corrector  topologies  that 
will  be  encountered  on  the  storage  rings  and  linac. 

A  high  emphasis  will  be  placed  on  the  total  machine 
reliability,  since  the  primary  mission  of  the  PEP-II  facility  is  to 
become  a  "factory"  for  neutral  B  mesons.  Therefore,  the 
MTBF  (Mean  Time  Between  Failure)  and  the  MTTR  (Mean 
Time  To  Repair)  are  important  underlying  factors  in  the  design 
of  this  corrector  power  supply  system. 


REQUIREMENTS 

The  overall  performance  requirements  for  each  of  the 
corrector  drive  modules  are  given  as  follows: 

Input  DC  Bus  Voltage  20  to  50  V 

lout,  max  (programmable)  ±6  to  ±12  A 

I^out,  max  (p®r  channel)  600  Watts 

Ripple  Current  (DC  to  50  kHz)  ±0.05  %  of  Imax 

Stability  ±0.05  %  of  I  max 

Reproducibility  ±0. 1  %  of  I  max 


♦Work  supported  by  the  Department  of  Energy,  contract  DE-AC03-76SF(X)51 5  (SLAC) 
and  DE-AC03-76SF00098  (LBL) 


In  addition,  each  power  module  must  have: 

•  Internal  protection  against  electrical  faults 

•  An  automatic  thermal  shutdown  feature 

•  The  ability  to  phase-lock  its  internal  switching  frequency 

to  the  60  Hz  mains 

•  A  redundant  readback  of  the  output  current 

•  Full  "hot  swap"  capability 

SYSTEM  DESCRIPTION 

A  modular  crate  architecture  is  utilized  in  this  design,  in 
order  to  maximize  the  flexibility  and  serviceability  of  each 
installation.  The  physical  crate  is  a  standard  6U  by  220  mm 
Eurocard  format,  available  off-the-shelf  from  Schroff  [1].  The 
crate  has  17  slots,  one  for  a  control  system  interface  card,  and 
16  slots  for  power  conversion  modules.  Each  power  module 
has  a  ’personality  card',  which  is  mounted  directly  on  to  it. 
This  personality  card  contains  passive  components  that 
determine  the  maximum  output  current  limit,  the  transfer 
function  of  command  voltage  to  output  current,  and  the 
compensation  network  for  the  error  amplifier  section.  If  a 
power  module  is  replaced,  the  personality  card  is  removed 
from  the  old  module  and  installed  on  the  new  one.  In  this 
way,  all  of  the  operating  parameters  specific  to  the  load  will  be 
in  effect  with  the  new  module.  All  cards  and  modules  are 
accessible  from  the  front  of  the  crate,  and  connect  to  the 
backplane  using  standard  Eurocard  connectors.  Air  cooling 
for  the  crate  is  provided  by  fan  rack  sets  and  plenums,  also 
offered  by  Schroff,  which  i’aw  in  cool  air  from  the  aisle  and 
pass  it  through  the  crate  and  into  the  rack,  thus  keeping  the 
rack  interior  at  positive  pressure.  A  single  hinged  front  cover 
provides  access  to  the  16  power  modules. 

A  simplified  block  diagram  of  the  crate  is  presented  in 
Figure  1.  A  unipolar  bulk  power  supply  provides  the  main  DC 
power  to  the  crate  through  a  180 A  Powerpole  connector  on  the 


Figure  1. 
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rear  panel.  Command  and  synchronization  signals  are 
provided  through  the  backplane  by  the  interface  card,  which 
will  be  either  analog  or  digital  based,  depending  on  the 
installation.  The  main  DC  power  is  distributed  to  the 
individual  modules  along  with  utility  voltages  and  control 
signals  also  via  the  backplane.  A  standard  48  pin,  type  "E" 
DIN  connector  is  used  for  all  signal  and  power  connections 
between  each  power  module  and  the  backplane.  The  interface 
card  plugs  into  the  same  backplane,  and  uses  the  VME  format 
for  connector  type,  positioning,  and  module  width.  By  using 
the  card  to  backplane  approach,  all  internal  wiring  has  been 
eliminated,  except  for  the  120  VAC  power  and  the  main  DC 
power  wires.  All  other  external  connections,  including  the 
outputs  to  the  magnets,  are  accomplished  through  printed 
circuit  mount  connectors  on  the  backplane,  thus  allowing  the 
assembly  work  to  be  performed  by  outside  board  fabricators. 
Since  the  crate  enclosures  come  pre-assembled  from  Schroff, 
the  only  imhouse  assembly  work  to  be  performed  is  to  bolt  on 
the  backplane,  front  and  rear  panels,  and  insert  16  power 
modules  and  the  appropriate  interface  card.  The  personality 
cards  are  then  added  to  give  each  power  module  its  own 
specific  characteristics.  A  computerized  test  bench  is  used  for 
testing  the  finished  crate. 

CONTROL 

The  installed  corrector  chassis  will  have  to  accommodate 
two  fundamentally  different  types  of  control  systems.  The 
existing  system  utilizes  a  network  of  Multibus  based 
computers,  each  of  which  controls  a  set  of  CAMAC  crates. 
DAC  modules  in  the  CAMAC  crates  are  used  to  generate  16 
individual  analog  control  signals,  which  are  cabled  in  parallel 
to  the  corrector  crate.  These  command  signals  are  then  piped 
straight  through  the  interface  card  to  the  backplane.  For  the 
PEP-II  rings,  the  control  system  will  communicate  directly 
with  the  power  supplies,  through  a  serial  Bitbus®  data  link. 
The  power  supply  will  be  responsible  for  performing  its  own 
digital-to-analog  conversion,  and  supporting  a  digital  interface 
with  the  control  system.  In  the  PEP-II  scheme,  the  interface 
card  will  contain  a  DAC,  multiplexed  16  channels  wide,  plus 
some  logic  glue  and  the  Bitbus®  specific  support  circuitry. 


POWER  MODULES 

The  function  of  each  power  module  is  to  provide  a 
regulated  drive  current  to  its  respective  load,  in  proportion  to 
the  command  signal  from  the  interface  card.  The  power 
module  also  returns  a  redundant  current  signal  to  the  interface 
card,  as  well  as  status  and  fault  data.  A  functional  diagram  of 
the  power  module  is  shown  in  Figure  2.  The  command  signal 
is  received  by  a  unity  gain  differential  amplifier,  whose 
purpose  is  to  prevent  ground  loops,  and  to  reject  common - 
mode  noise.  The  differential  amplifier  (Burr-Brown  INA105) 
contains  the  laser-trimmed  gain  setting  resistors,  and  as  a 
complete  unit  exhibits  a  typical  gain  tolerance  of  0.01%  and  a 
stability  of  1  ppm/°C.  The  command  signal  is  then  compared 
against  the  current  feedback  signal  by  the  error  amplifier 
stage,  which  uses  an  OP-77  as  the  gain  element. 
Compensation  is  provided  by  a  single  pole-zero  network, 
which  resides  on  the  personality  module.  The  resultant  error 
signal  is  then  sent  to  the  input  of  a  power  servo  amplifier 
module,  also  mounted  on  the  PC  board,  which  operates  as  a 
voltage  amplifier  with  a  gain  of  approximately  6,  and  has  an 
effective  rolloff  frequency  of  about  2.5  kHz. 

The  servo  amplifier  used  in  this  design  is  a  commercial 
unit,  the  30A8,  manufactured  by  Advanced  Motion  Controls 
[2]  for  applications  in  robotics  and  process  control..  This 
model  was  chosen  for  its  compact  size,  ruggedness,  PC  mount 
capability,  and  its  internal  fault  protection  system,  which 
provides  protection  against  thermal  overload,  and  output  short 
circuits  (to  either  rail).  A  TTL  fault  signal  is  provided  by  the 
30A8,  which  indicates  the  presence  of  a  fault  condition  on  the 
servo  amplifier.  This  signal  is  applied  to  an  external  latch  on 
the  power  module,  which  will  shut  down  the  servo  amplifier  if 
a  fault  condition  persists  for  more  than  a  few  seconds. 

The  30A8  produces  unfiltered  DC  pulses  from  its  H-bridge 
output  stage,  and  must  therefore  be  filtered  appropriately 
before  delivery  to  the  load.  The  filter  design  employed  is  a 
variation  of  the  classical  Praeg  filter  [3],  arranged  to  be 
symmetrical  around  power  ground.  The  filter  is  set  to  be 
critically  damped,  and  attenuates  both  the  differential  and 
common-mode  components  of  the  output  ripple. 
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Following  the  filter  are  two  precision  4-terminal 
Manganin  shunt  resistors,  one  in  each  output  leg.  These  10 
milliohm  shunts,  which  are  made  by  Isabellenhutte,  have  a 
tolerance  of  0.1%,  and  a  measured  stability  of  13  ppm/°C, 
typical.  The  voltage  developed  by  each  shunt  is  amplified  by 
an  isolated  amplifier,  and  referred  to  ground  by  a  precision 
differential  amplifier  (Burr-Brown  INAl  17).  One  shunt  signal 
is  fed  back  to  the  error  amplifier,  while  the  other  is 
independently  sent  back  to  the  interface  card  as  a  redundant 
current  monitor  signal. 

The  DC  power  input  to  the  module  is  equipped  with  an 
LC  filter  network,  which  acts  to  decouple  the  switching  noise 
of  the  servo  amplifier  from  the  DC  mains.  During  a  'hot  swap' 
operation  however,  the  inrush  currents  that  charge  this  DC 
input  filter  capacitor  must  be  controlled,  in  order  to  prevent 
arcing  damage  to  the  DC  power  connection  on  the  backplane. 
This  is  accomplished  by  a  2  pin  auxiliary  connector,  which  is 
set  up  to  make  initial  contact  with  the  DC  on  the  backplane, 
and  pre-charge  the  filter  capacitor  through  a  current  limiting 
resistor  before  the  main  connector  makes  contact.  This 
method  eliminates  the  need  for  any  pre-charge  circuitry 
directly  in  the  DC  input  circuit  path,  and  thus  improves  the 
overall  expected  MTBF  of  the  system. 

MONITORING  AND  DIAGNOSTICS 

In  order  to  minimize  the  time  required  to  make  repairs,  a 
crate  diagnostics  summary  display  is  provided  on  the  front  of 
the  interface  card.  This  display  indicates  which  module  has 
experienced  a  fault,  and  if  that  fault  condition  is  still  present. 
There  are  also  diagnostics  for  faults  occurring  on  the  crate,  or 
in  the  bulk  DC  power  supply.  A  crate  fault  will  be  indicated  if 
the  external  interlock  input  to  the  crate  is  opened,  or  if 
excessive  current  is  detected  in  a  shunt  resistor  which  connects 
the  negative  DC  power  busbar  to  the  chassis  ground.  A 
module  fault  will  be  indicated  if  a  given  module  experiences 
any  one  of  the  following  fault  conditions  for  more  than  a 
couple  of  seconds: 

•  A  short  circuit  of  either  output  lead  to  ground 

•  A  heat  sink  temperature  excursion  in  excess  of  65°C 

•  An  overvoltage  or  undervoltage  of  the  DC  power  input 

•  An  appreciable  difference  in  currents  on  the  output  leads 
Under  the  first  three  fault  conditions  listed  above,  the  power 
module  will  protect  itself  by  shutting  down.  The  fourth  fault 
condition  is  detected  by  a  comparator  circuit  on  the  interface 
card  that  monitors  the  difference  between  the  feedback  and  the 
monitor  shunt  signals  on  each  channel.  If  the  difference 
exceeds  a  preset  value,  a  fault  condition  will  be  indicated  for 
that  channel,  but  the  module  will  be  allowed  to  continue 
operating,  until  the  difference  becomes  large  enough  to  trip  the 
ground  fault  protection  circuitry,  either  on  the  crate  or  in  the 
module.  When  a  module  fault  does  occur,  the  technician  at  the 
site  identifies  the  suspect  module  by  looking  at  the  diagnostic 
panel,  and  simply  replaces  it  with  a  new  one.  A  screwdriver  is 
the  only  tool  required  to  perform  this  replacement.  If  the 
problem  still  persists,  then  the  cause  is  probably  in  the  cable 
plant  or  at  the  load,  since  all  of  the  electrical  components  for 
that  channel,  including  the  output  filters,  are  on  the  module. 
Test  points  for  the  input  and  output  voltages  are  available  on 
the  front  panel  in  order  to  verify  proper  crate  operation. 


TEST  RESULTS 

A  prototype  power  module  has  been  constructed,  and  has 
been  extensively  tested  in  an  environmental  chamber,  under  a 
variety  of  conditions.  Presented  here  are  the  measured 
performance  specifications  of  the  completed  power  module: 

TEST  CONDITIONS  (unless  otherwise  noted) 


DC  Mains  Voltage 

Maximum  current  limit 

Load  Impedance 

Switching  Frequency 
Temperature  Range 

40  Volts 

12  Amperes 

5  Ohms  +  6  mH 

30  kHz 

15  to  65°C 

SPECIFICATIONS: 

Initial  Offset  Error 

480  uA 

Transfer  Function 
vs.  temperature  10-50°C 
non-linearity 

repeatability,  card-to-card 

1.000  V  =  2.000  A 

13  ppm/°C 

0.025% 

±0.1% 

Small  Signal  Bandwidth 

3dB,  for  60  mA  signal 

1.5  kHz 

Slew  Rate  (70  V  mains) 

Step  Response  (5  A  step) 

2500  A/sec 

12  mS 

RMS  Output  Current  Noise 

DC  to  200  kHz  (0  A) 

DC  to  200  kHz  (12  A) 

0.01%  of  FS 

0.01%  of  FS 

RMS  Common-Mode  Noise 
RMS  Noise  injected  back 
into  DC  Busbar 

120  mV 

20  mV 

Power  Dissipation  (at  12  A) 

19  Watts 

Output  Short  Circuit  Duration 
Line-to-Line 
Line-to-Ground 

CONTINUOUS 

2  sec  (Unit  shuts  down) 
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Abstract 

Some  technical  advances  and  ideas,  which  allow,  the  construc¬ 
tion  of  highly  reliable,  simple  and  cheap  subsystems  for  electro¬ 
static  accelerators  and  other  high  voltage  devices,  are  described. 
The  described  subsystems  were  tested  during  their  extensive 
running  for  several  years  on  a  series  of  the  accelerators  lON- 
1500,  ION-300[1].  They  are 

•  a  small  sized  high  efficiency  system  for  power  supply  via  a 
big  isolating  gap  which  is  based  on  a  high  frequency  reso¬ 
nant  transformer  with  a  low  magnetic  couple  factor  0.1-0,3 
(its  characteristics  are:  2.2KW,  efficiency  90%,  6  cm  iso¬ 
lating  gap  for  500KV); 

•  a  system  for  a  highly  efficient  medium  and  low-power  reg¬ 
ulators  based  on  magnetic  amplifiers  and  working  at  high 
frequency  power  delivered  by  the  above  mentioned  system; 

•  an  intellectual  multifunctional  single-board  noiseproof 
controller  LOCUS  placed  under  high  potential  is  linked 
with  the  central  computer  by  a  fiber  optic  link. 

L  POWER  SUPPLY 

A  power  supply  system  of  the  DC-operated  ion  source  located 
under  the  high  potential  of  the  basic  accelerator’s  rectifier  con¬ 
sists  of  an  unified  series  of  power  supply  modules,  which  differ 
by  the  executive  part  and  output  characteristics.  The  blocks  of 
the  system  use  the  local  network  of  the  increased  frequency  (20 
KHz)  and  are  characterized  by  the  high  specific  gabarit  power 
and  foundation  capability  of  overloading.  The  electrical  power 
is  transmitted  to  a  high  voltage  terminal  via  a  gas  insulating  gap 
by  a  disjunctive  transformer  and  is  absolutely  independent  of  the 
accelerator  energy. 


(b)  the  serial  stabilizer  (350V.  1  .OKW.  20KHz,  28V.  20KHz, 
+-24 V,  +-6V,  +5V.st.)  is  used  to  vary  the  second  crate 
placed  under  bias  of  ion  extractor.  The  magnetic  ampli¬ 
fier  included  in  series  with  the  load  in  the  stabilization 
circuit  is  used  as  a  regulator. 

The  stabilizers  consume  the  power  through  high  voltage 
disjunctive  transformers  Tl,  T2: 

Tl-unbuckle  voltage  1 .5MV  The  power  to  2.0KW 
T2-unbuckle  voltage  30KV  The  power  to  1  .OKW 
2.  Service  units  are  a  receiver-transmitter  or  a  multifunc¬ 
tional  single-board  LOCUS-controller  used  to  exchange 
data  with  the  computer,  to  output  the  managing  voltages 
and  control  the  parameters  in  the  supply  units  of  the  ion 


source. 

3.  Controlled  power  supply  units  for  ion  source: 

leaker  1300V,  1mA 

supressor  5KV,  3mA 

extractor,  focus  lOKV,  5mA 

extractor,  focus 
heater 
magnet  coil 
RF-generator’ s  anode 
cathode’s  heater 
discharge 

The  dynamic  range  of  the  output  parameters  20. 

The  accuracy  of  the  output  parameters  0.5% 

This  set  of  blocks  is  suitable  for  supply  the  RF  ion  source, 
duoplasmatron,  or  the  other  similar  devices. 


30KV,  20mA 
500W 
30V,  3A,  lOOW 
1200V,  0.3  A,  400W 
7V,  70A,  500W 
0-150V,8A,  500W 


III.  THE  DESIGN  OF  HIGH  VOLTAGE 
TERMINAL  WITH  A  POWER 
TRANSMISSION  TRANSFORMER 


11.  THE  FUNCTIONAL  STRUCTURE  OF  HIGH 
VOLTAGE  TERMINAL  MODULES 

In  Fig.l,  the  functional  chart  of  the  terminal  is  presented. 
By  functions,  the  terminal  structure  can  be  divided  into  three 
blocks: 

1.  The  stabilization  blocks  are  intended  to  stabilize  the  local 
network  voltage  in  a  crate  and  restrict  the  transmitted  re¬ 
dundant  power: 

(a)  the  stabilizer  of  the  parallel  type  (350V,  l.OKW,  20KHz, 
28V.  20KHz,  +-24V,  +-6V,  +5V.st.)  has  two  feedback 
loops: 

i.  A  hardware  loop  consists  of  the  magnetic  amplifier  in¬ 

cluded  in  parallel  with  the  load  and  used  as  a  regula¬ 
tor; 

ii.  A  software  loop  consists  of  the  transmission  into  the 

computer  of  measured  value  of  redundant  stabilizer 
power  for  the  generator’s  power  correction; 
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In  the  design,  the  principle  of  the  functional  blocks  is  realized. 
The  electronic  blocks  are  located  in  a  skeleton  of  the  VME- 
type.  A  managing  part  of  each  supply  unit  is  assembled  on 
identical  boards,  incorporated  with  a  stabilizer  and  the  receiver- 
transmitter,  or  the  LOCUS-controller,  by  a  internal  trunk. 

The  magnetic  amplifiers  (one  of  three  nominal  types)  are 
installed  on  the  managing  boards  and  used  as  the  regulators: 
O.IKW  28V  20KHz;  0.5KW  350V  20KHz;  l.OKW  350V 
20KHz.  These  amplifiers  are  mounted  on  ferrite  rings  as  com¬ 
pact  monoblocks.  The  advantage  of  the  magnetic  amplifier  is 
its  high  reliability  and  ability  of  restricting  the  short  circuit  cur¬ 
rent.  The  executive  parts  of  the  blocks  depending  on  the  output 
parameters  are  mounted  on  the  managing  boards  or  serve  as  sep¬ 
arate  modules.  If  the  output  power  (or  voltage)  more  than  lOOW 
(or  lOKV),  the  executive  part  is  located  outside  the  power  units. 
The  transmission  of  the  electrical  power  for  the  terminal  power 
supply  is  made  at  a  frequency  of  20kHz  by  the  resonant  trans¬ 
former  Tl  of  the  armoured  type,  the  primary  and  secondary  coils 
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Figure  1.  Distributed  Control  System 


of  which  are  inductively  connected  and  separated  by  the  high 
voltage  gas-insulating  gap.  The  core  of  the  transformer  is  made 
in  the  form  of  two  ferrite  cups,  200mm  in  diameter.  The  material 
and  the  form  of  the  cores,  the  transformer  windings  are  chosen 
on  the  basis  of  the  analysis  on  optimization  of  the  parameters  to 
achieve  the  maximum  values  of  the  Q-factor  for  the  primary  and 
secondary  contours,  to  obtain  the  necessary  factor  of  the  mag¬ 
netic  coupling  between  the  windings,  and  minimize  the  power 
losses. 

In  Table  1,  the  main  characteristics  of  the  transformers  are 
presented  for  two  accelerators  ION-300  and  ION- 1500  (for 
300KV  and  1500KV  respectively): 


type  of  accelerator 

ION-300 

ION-1500 

high  voltage  gap 

60nmi 

lOSimn 

transmitted  electrical  power 

2.0KW 

0.3KW 

factor  of  magnetic  coupling 

0.215 

0.087 

non-loaded  Q-factor 

66.7 

67.0 

efficiency 

0.90 

0.75 

IV.  CONTROL  SYSTEM  FOR  IMPLANTERS 

There  are  two  types  of  control  systems  for  the  ion  implanters 
ION-1500  and  ION-300.  The  first  one  is  on  a  CAMAC  base  and 
the  second  one  is  a  distributed  control  system  designed  specially 
for  physical  installations  and  consisting  of  several  universal  in¬ 
tellectual  multifunctional  single-board  stations,  which  are  con¬ 
nected  to  the  central  computer  by  means  of  duplex  optical  com¬ 
munication  (isolation  up  to  2MV).  The  systems  are  adapted  to 
environments  with  high  level  of  the  powerful  interference  elec¬ 
tric  pulses.  All  the  subsystems  are  operated  by  the  central  IBM- 
PC/AT,  or  compatible  computer,  under  onetasking  program  (one 
task  manages  all  the  subsystems)  in  the  first  case  and  multitask¬ 
ing  one  with  share  time  in  the  second  case.  To  visualize,  both 
systems  use  a  multiwindow  graphic  interface. 

The  ION-1500  control  is  realized  by  a  conventional 


COMPUTER-CAMAC  model.  The  process  is  operated  by  the 
central  IBM-PC/AT  or  the  compatible  computer.  It  is  con¬ 
nected  through  a  CAMAC-adapter  (in  IBM-PC)  to  a  CAMAC- 
controller  and  controls  the  following  modules: 

-  SAS  ( switch  of  analog  signals ); 

-  ADC; 

-  HVTC  ( high  voltage  terminal  controller ); 

-  2  channels  of  DAC; 

-  I/O  registers 

SAS  serves  to  switch  and  pass  to  the  ADC  one  of  the  sig¬ 
nals:  energy,  ion  beam  current,  profiler  current,  voltage  of  the 
first  section,  rectifier  current,  voltage  and  current  of  the  primary 
winding  of  the  accelerator,  voltage  and  current  of  the  generator, 
and  current  of  a  separator  magnet. 

The  HVTC  executes  the  control  of  a  leakage  valve,  beam  fo¬ 
cusing,  anode  power  supply,  transformer  temperature,  power, 
and  board  power  supplies  of  the  high  voltage  terminal. 

The  first  DAC  sets  the  current  of  the  separator  magnet  and  the 
second  one  sets  the  energy  of  beam  acceleration. 

The  I/O  registers  control  the  switching  of  valves  of  the  vac¬ 
uum  system  and  start  of  the  profiler  gauge. 

All  the  units  of  the  system  are  operated  by  a  single  program 
written  in  FORTRAN  for  IBM-PC  running  under  OS  DOS. 

As  to  automation  of  ION-300,  the  following  rules  are  ac¬ 
cepted:  distribution  of  the  control  system  and  multitasking  with 
share  time  in  the  managing  program.  Each  separate  process  in 
the  installation  corresponds  to  a  separate  intelligent  LOCUS- 
controller  which  has  several  measuring  and  managing  functions 
(ADC,  DAC,  timers,  I/O  -  registers  etc.).  TTiis  controller  is  ca¬ 
pable  of  working  independently  after  loading  a  preliminary  pro¬ 
gram  firom  the  central  computer  under  the  direct  management 
of  the  central  computer  by  the  standard  protocol.  The  func¬ 
tional  difference  of  the  processes  on  a  hardware  level  and  the 
use  of  the  multitasking  program  (multitasking  OS,  or  compilers 
of  high  level  languages  like  MODULA-2  which  enables  us  to 
run  the  procedures  with  share  time)  substantially  simplify  the 
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programming  process.  The  simplification  results  in  writing  the 
functioning  algorithm  for  the  individual  installation  unit  in  the 
form  of  the  procedure  similar  to  our  case  (MODlJLA-2)  or  task 
(QNX,  UNIX  etc). 

Each  procedure  of  this  kind  has  two  forms  of  communica¬ 
tion:  downwards  to  the  intelligent  controller  and  upwards  to 
the  program  manager,  which  already  uses  the  data  of  all  the 
units  and  gives  the  orders  to  each  procedure.  The  base  of  this 
distributed  control  system  for  the  installation  ION-300  is  the 
LOCUS-controller  which  includes 

1 .  ADC  with  continuous  dynamic  integration  of  the  input  sig¬ 
nal,  a  two-wire  galvanic  isolated  input,  a  programmable 
integration  time  ranging  from  0.2  to  26  ms  (word  length 
ranges  from  9  to  16  bit  respectively)  at  an  input  DC-voltage 
ranging  from  +  5.16  to  -5.16V; 

2.  an  analog  two-wire  32-channel  switch; 

3.  6  channels  of  pulse- width  digital  to  analog  converters 
which  has  a  14  bit  resolution  and  an  output  voltage  ranging 
from  -5.08  to  5.08V; 

4.  32  input  registers  ( TTL ); 

5.  24  output  registers  ( TTL ); 

6.  5  channels  of  programmable  multifunctional  timers,  which 
are  switched  by  jumpers  and  have  a  possibility  of  pulse 
counting,  measuring  time  intervals  and  forming  the  pulses 
of  controlled  frequency  and  duration; 

7.  protection  of  all  I/O  signals  which  pass  through  plugs  (115 
lines  of  diode-resistor  chains).  The  protection  is  effective 
against  the  powerful  interference  electric  pulses  with  spec¬ 
tra  up  to  approximately  30MHz; 

8.  a  processor  i8085,  8KB  of  ROM  and  2KB  of  non-volatile 
RAM; 

9.  a  duplex  optic  connection  to  the  central  computer  (com¬ 
munication  format  is  compatible  to  RS232). 

The  processor  has  an  automatic  restart  in  the  following  cases: 
after  failure  or  cycling  of  the  program,  or  after  sudden  jump  of 
power  supply  voltage. 

For  PC-LOCUS  communication,  a  6-channel  serial  interface 
for  IBM-PC  and  a  TTL-to-optic  adapter  are  developed.  The  se¬ 
rial  interface  has  FIFO-buffers  (the  depth  is  32  bytes)  for  each 
input  and  output.  This  enables  us  to  increase  the  rate  of  the  PC- 
adapter  communication  and  to  get  rid  of  the  data  loss. 

To  avoid  serious  accidents  in  the  installation  as  a  result  of  fail¬ 
ure  in  the  apparatus  or  programming,  the  hardware  arbitrator  to 
block  the  accidental  conditions  was  developed.  In  the  control 
system  for  ION-300,  the  given  arbitrator  executes  a  function  of 
preventing  against  illegal  situations,  which  are  caused  by  opera¬ 
tor  failure  or  break-down  in  a  unit. 

In  contrast  to  C  AMAC,  this  single-board  intelligent  controller 
can  be  placed  near  a  particular  controlled  system.  The  ION-300 
comprises 

1.  two  LOCUS-controllers  working  under  a  potential  up  to 
300KV  in  the  ion  source  system; 

2.  one  LOCUS  and  an  arbitrator  module  operating  by  the 
vacuum-gas  system  of  the  implanter; 

3.  one  LOCUS  and  an  arbitrator  module  controlling  the  high 
voltage  system  of  the  implanter; 

4.  two  LOCUSes  controlling  wholly  the  implantation  cham¬ 
ber  for  semi-conductor  plates,  including  the  management 


of  two  step-motors  and  control  of  the  implantation  doze. 
To  measure  the  charge  the  block  forming  with  LOCUS  the 
charge-digital  converter  (accuracy  is  97.6C  per  count)  is 
developed.  Such  connection  considerably  reduces  the  trace 
of  a  system  that  results  in  the  cable  saving  and  failure  re¬ 
duction. 

V.  CONCLUSION 

More  than  a  two-year  experience  of  operation  (about  1000 
hours)  of  the  multifunctional  LOCUS-controller  has  shown  its 
good  reliability.  A  series  of  the  experiments  were  conducted 
which  showed  the  absence  of  halts  (for  example,  as  a  result  of 
short-term  short  circuits  of  some  wires  to  the  ‘"Ground”  through 
the  capacitor  O.OluF).  There  were  no  halts  under  real  conditions 
during  a  high  voltage  breakdown  to  300KV  A  distributed  con¬ 
trol  system  turned  out  to  be  successful  in  the  sense  of  the  man¬ 
aging  program  writing  process. 
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Abstract 

Synchrotron  magnet  strings  is  able  to  be  regarded  as  a  6 
terminal  ladder  circuit.  It  can  be  shown  that  the  voltage  and 
current  has  two  different  modes  of  resonant  property,  this 
mode  is  able  to  be  decoupled  by  the  transformation.  In 
presence  of  symmetric  configuration,  it  is  further  shown 
that  the  mode  are  reduced  to  two  orthogonal  mode  of 
normal  and  common  mode  which  enables  us  to  find  the 
analytical  solution. 

1.  INTRODUCTION 

In  a  synchrotron  where  a  current  of  a  magnet  string  is 
excited  trapezoidally,  a  reproducibility,  a  stability  and  a 
tolerance  of  a  ripple  content  of  the  excitation  current  is 
stringent  due  to  a  slow  beam  resonant  extraction  property  of 
the  synchrotron.  Among  others,  the  relative  ripple  content  is 
one  of  the  most  important  and  required  to  be  a  ppm  level  or 
less.  Most  of  the  synchrotron  utilizes  a  thyristor  controlled 
power  supply  generating  voltage  of  logical  ripple  which  is  a 
multiple  of  number  of  thyristor  firing  pulses.  There  is  also 
an  illogical  ripple  which  is  due  to  imbalance  among  the 
phase  and  amplitude  of  primary  line  voltage  or  noise  from 
the  sensor  such  as  DCCT  where  the  frequencies  are  integer 
fractions  of  the  fundamental  harmonic  of  50  Hz. 
Furthermore  a  spike  voltage  is  induced  across  each 
thyristor  when  the  thyristor  is  turned  on  and  off.  The  spike 
frequency  ranges  between  a  few  kHz  to  a  tens  of  kHz 
depending  upon  magnitude  of  capcitances  and  other 
parameters  of  a  relevant  circuit.  This  thyristor  spike  has 
long  been  one  of  the  major  causes  limiting  the  performance 
of  the  synchrotron  power  supply.  The  spike  is  regarded  as 
source  of  a  high  frequency  effective  ripple  component.  A 
close  look  of  the  spike  reveals  that  amplitude  of  a  train  of 
spikes  is  modulated  by  lower  illogical  frequencies  and 
considered  to  be  other  source  of  illogical  ripple. 

In  conventional  research  and  development  of  a  power 
supply  illogical  ripple  have  been  suppresssed  by  improving 
an  imbalance  among  phases  of  primary  AC  voltages  and 
equalizing  a  timings  of  firing  pulses  of  each  thyristor  or  ba 
an  active  filter  and  a  band-pass  filter. 

The  spikes  and  logical  ripples  are  suppressed  by  low 
pass  static  filter.  In  spite  of  those  efforts,  achieving  the 
ripple  content  of  ppm  level  has  been  difficult. 

Reviewing  the  existing  lower  limit  of  the  ripple 
performance  of  the  conventional  technology,  we  proposed  a 
model  which  includes  a  stray  capacitance  of  the  coil  to  the 
ground  [1,2, 3,4].  In  it,  a  magnet  string  is  modeled  as  a 
ladder  circuit,  which  is  a  repeated  circuit  of  lumped 
element  of  L,  C  and  R.  The  excitation  coils  of  the  magnet 
are  divided  into  the  upper  coil  and  the  lower  coil.  The 
upper  coil  is  connected  to  neighboring  coil  in  series  instead 


of  connecting  to  its  lower  coil  and  again  connected  to  the 
separated  upper  coil  of  next  neighboring  coil  and  so  on.  So 
does  the  lower  coil,  the  magnet  core  is  regarded  to  have 
ground  potential  and  all  the  magnet  core  are  connected  in 
series  by  the  erth  line.  The  model  circuit  of  an  unit  cell  is 
shown  in  Fig.  1. 


Fig.  1:  Unit  cell  of  the  six  terminal  magnet  string,  p 
represents  the  bridge  resistor  as  well  as  the  ac  loss  of 
the  magnet. 

In  conventional  synchrotron  magnet  strings,  although  the 
earth  line  is  not  physically  set  up,  the  capacitance  between 
the  excitation  coil  and  the  magnet  yoke  can  not  be 
neglected  and  a  similar  six  terminal  circuit  as  Fig.  1  may 
be  applied  in  analyzing  the  magnet  string. 

11.  ANALYSIS 

Let  us  designate  the  relevant  parameter  of  the  voltage 
and  the  current  of  the  upper  coil  U  and  I  and  the  lower  coil 
V  and  J.  The  suffix  of  the  input  and  output  voltage  and 
current  is  designated  as  1  and  2.  We  then  write  the  transfer 
matrix  of  the  voltage  and  the  currrent  in  general  as 
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Each  component  of  the  transfer  matrix  of  eq.  (1)  is  non-zero 
and  have  finite  value,  the  pair  of  the  voltage  and  current  of 
(  U,  I )  and  (  V,  J  )  is  considered  to  be  a  representation  of 
a  pair  of  two  different  mode.  Non-zero  component  of  the 
matrix  signifies  that  the  two  mode  is  coupled  each  other. 
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By  intuition,  one  is  able  to  find  the  equation  for  the  sum  current  which  is  written  as, 
component  and  difference  component  of  the  voltage  and 
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It  is  easily  shown  from  the  equation  (2)  that  when  the 
magnitude  of  the  element  of  the  upper  coil  and  lower  coil 
is  identical,  the  pair  of  the  sum  of  (U+V)  and  (I+J)  and  the 
difference  of  (U-V)  and  (I-J)  are  linearly  independent.  The 
former  sum  component  is  defined  as  the  normal  mode  and 
the  latter  difference  component  is  called  the  common 
mode.  The  decoupled  equation  is  treated  as  an  four 
terminal  circuit  and  it  can  be  shown  that  analytical  form  of 
the  solution  is  available  [5].  In  HIM  AC,  we  have 
constructed  not  only  the  magnet  string  but  the  power  supply 
in  a  symmetrical  fashion  such  that  normal  mode  and 
common  mode  are  decoupled  each  other  and  successfully 
achieved  the  power  supply  system  of  the  unpredecented 
ripple  level,  below  ppm  [5].  In  conventional  configuration 
of  the  magnet  string,  the  elements  of  the  magnet  string  of 
the  coils  are  not  separately  wound  and  the  earth  line  is 
obscure.  The  symmetricity  is  not  assured  and  one  may  have 
to  solve  the  coupled  eq.  (2)  or  (3). 

We  found  the  coupled  equation  (2)  is  able  to  be 
decoupled  by  an  eigenvalue  method.  We  start  from  the 
equation  known  as  the  telegram  equation  or  the 
transmission  line  equation.  The  transfer  matrix  obtained 
from  the  equation  still  holds  for  that  of  the  ladder  circuit. 

Let  us  consider  the  ladder  circuit  with  the  capacitance 
between  the  coil  and  the  grounded  magnet  yoke,  a 
magnitude  of  an  outgoing  current  Iq  flowing  into  the  load 
and  that  of  incoming  current  Jq  returning  to  a  power  supply 
are  not  necessary  to  be  identical.  They  could  be  bypassed 
via  capacitance  and  flow  back  to  the  power  supply  side 
through  a  ground  line.  Furthermore  voltages  developed 
between  a  positive  input  Uq  and  a  negative  input  Vq  also 
may  differ. 

This  voltage  difference  may  be  due  to  a  flip-flop  nature 
of  a  thyristor  firing  timing  or  difference  of  an  asymmetric 
configuration  with  respect  to  the  ground  line  of  the  magnet 
string. 


Equations  for  voltage  of  U  and  V  are  written  as, 
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and  the  '  denotes  the  impedance  per  unit  length  (m).  This 
equation  is  valid  both  for  the  transmission  line  model  and 
also  for  the  ladder  circuit  model;  z  is  regarded  as  a 
coordinate  along  a  propagation  direction  of  the  voltage 
wave  for  the  formercase  and  a  discrete  coordinate  of  the 
magnet  number  for  the  ladder  circuit.  Similar  equation 
holds  for  the  current  I  and  J. 

Two  set  of  equations  designate  the  present  of  two  mode 
of  voltage  and  current  in  the  magnet  string.  Indeed  this 
formulation  could  be  extended  to  N  mode  equations  of  a 
system  (N-1)  signal  lines  and  a  single  ground  line.  As  is 
shown  by  the  equations,  voltage  U  and  V  are  coupled. 
These  coupled  voltage  propagates  down  along  the  magnet 
strings.  The  resonance  characteristic  also  shows  the 
coupled  property.  In  conventional  synchrotron  magnet 
strings  where  the  common  mode  ripple  is  not  suppressed, 
there  is  a  possibility  the  normal  mode  ripple  is  mixed  with 
common  mode  ripple  and  its  performance  is  not  improved 
as  expected. 
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In  general,  it  is  tedious  to  solve  two  simultaneous 
second  order  differential  equations.  There  is  an  orthodox 
method  to  solve  this  problem  known  as  an  Eigenvalue 
problem.  In  Eigenvalue  problem,  mode-decoupling  is  done 
by  finding  a  proper  transformation  matrix. 

We  need  to  transform  a  matrix  of. 


^Z2i’  Z^'i] 


(9) 


to 
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M  = 


rzii 

0 


0  ^ 

Z22"> 


(10) 


i.d.,  the  diagonalization  is  required. 

After  some  algebra,  one  can  find,  multiplication  of  a 
following  matrix  P  from  right  and  F*  from  left  to  M: 

M''=P~^MP  (11) 


with 


f  I 


p= 


g 

^12* 


-1^ 

Z2l' 

-1 


(12) 


where  q  is  expressed  as, 

q  =  -Z22  ±V(Zn’  -Z22’f  +4Z,2  Z2,’  j  (13) 


The  above  discussion  shows  that  in  general  case  of 
asymmetric  6  terminal  circuit,  the  mode  separation  is 
possible  by  the  transformation  given  by  eq.  (12).  this 
transformation  enables  to  find  the  analytical  expression  in  a 
closed  form. 

In  HIMAC,  the  magnitude  and  location  of  every 
possible  elements  are  set  to  be  equal  with  respect  to  the 
earth  line  which  is  defined  as  “symmetry.”  In  this  case, 
considerable  simplification  is  possible. 

In  symmetric  case,  where  Z/  and  Z2  are  equal,  one 
obtains  for  M', 


(14) 


Equation  (14)  indicates  two  mode  of  coupled  voltage  is 
reduced  to  the  decoupled  normal  mode  and  common  mode 
voltage. 
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Abstract  -  In  this  paper  new  autotransformer  arrangements 
with  reduced  kVA  capacities  are  presented  for  harmonic 
current  reduction  and  to  improve  AC  power  quality  of  high 
current  DC  power  supplies.  A  twelve-pulse  AC  to  DC 
rectifier  is  proposed  employing  only  0J8Po  (pu)  transformer 
kVA,  The  5th  and  7th  harmonics  are  absent  in  the  utility 
line  currents.  Further  it  is  shown  that  conventional  12- 
pulse  operation  can  be  increased  to  24  pulse  with  the 
introduction  of  tabs  on  the  interphase  reactor.  Analysis  and 
Simulation  of  the  proposed  schemes  confirm  the 
cancellation  of  lower  order  harmonics.  Several  example 
implementations  of  the  proposed  schemes  for  high  current 
DC  power  supplies  are  shown.  All  of  the  above  schemes 
provide  clean  power  utility  interface  and  complies  with 
IEEE  519  recommended  practices. 

L  INTRODUCTION 

Large  harmonics,  poor  power  factor  and  high  total 
harmonic  distortion  (THD)  in  the  utility  interface  are 
common  problems  when  nonlinear  loads  such  as  AC  or  DC 
power  supplies  are  connected  to  the  electric  utility.  Magnet 
power  supplies  are  commonly  used  for  high  current  particle 
accelerators.  The  conventional  magnet  supplies  are 
conventional  6  pulse  or  12  pulse  rectifiers  as  shown  in  Fig.  1. 
As  the  research  in  high  energy  physics  progresses  and  as  the 
particle  accelerators  find  many  applications  in  industrial  and 
medical  areas,  the  magnet  power  supplies  with  high  input 
power  quality  and  better  performance  will  increase  in  demand 
[1].  The  recommended  practice,  IEEE  519,  has  evolved  to 
maintain  utility  power  quality  at  acceptable  levels  [2].  In 
response  to  these  concerns,  this  paper  proposes  new 
autotransformer  arrangements  to  reduce  the  kVA  rating  of 
the  transformer.  Fig.  2  shows  a  method  to  reduce  kVA  rating 
of  12-pulse  diode  rectifiers  with  hybrid  connection  of  delta- 
wye  transformer.  The  kVA  rating  of  the  hybrid  delta- wye 
transformer  is  0.78VoIo  (pu).  The  kVA  rating  of  12-pulse 
rectifiers  is  further  reduced  by  the  proposed  autotransformer 
arrangements  shown  in  Fig.  3.  In  the  proposed 
autotransformer  arrangements,  the  windings  are 


Fig.  1  Conventional  12-pulse  diode  rectifier  for  high  current 
DC  power  supply  ( kVA  rating  of  the  transformer  =  I.OSVqIo) 


Fig.  2  Reduced  kVA  hybrid  delta- wye  12-pulse  diode 
rectifier  (kVA  rating  =  O.VSVqIo) 


interconnected  such  that  the  kVA  transmitted  by  the  actual 
magnetic  coupling  is  only  a  portion  of  the  total  kVA.The 
kVA  rating  of  the  autotransformer  employed  in  12-pulse 
rectifiers  is  O.ISVqIo  (pu).  The  reduced  kVA  rating  of  the 
autotransformer  makes  it  physically  smaller,  less  costly,  and 
of  higher  efficiency  than  isolation  transformers.  With  the 
reduction  of  kVA  rating  of  the  transformer  a  new  method  to 
improve  the  quality  of  AC  input  currents  by  introducing  taps 
on  the  interphase  reactor  of  12-pulse  diode  rectifiers  is  also 
proposed  and  discussed  in  the  paper. 

n*  REDUCED  kVA  AUTOTRANSFORMER 
ARRANGEMENT  FOR  12-PULSE  RECTIFIERS 

Fig.  3  shows  the  twelve-pulse  configuration  of  the  proposed 
approach  to  reduce  kVA  rating  of  the  transformer.  The 
interphase  reactors  are  included  to  ensure  the  independent 
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Fig.  3  Proposed  reduced  kVA  twelve-pulse  approach  with  Pig-  5  (a)  Utility  line  current  U  (b)  Frequency  spectrum  of  \ 
autotransformer  arrangements  (kVA  rating  =  0.  ISVqIo)  ^  highly  inductive  load 


P  q 


(b)  (c) 

Fig.  4  (a)  Winding  configuration  of  interphase  reactor 
(b)Vector  diagram  (c)  Winding  configuration  of  the 
autotransformer  of  the  proposed  scheme  (Fig.  3) 

operation  of  the  two  three-phase  diode  bridge  rectifiers 
supplying  nonlinear  loads.  The  practical  winding 
configuration  of  an  interphase  reactor  is  shown  in  Fig.  4(a). 
The  diodes  in  each  diode  bridge  rectifier  conduct  for  120 
degrees  per  cycle,  and  the  rectifier  input  currents  (U*,  lb*,  U’  as 
well  as  la”,  Ib”,  and  U”)  consist  of  the  six-pulse  characteristic 
harmonics. 

The  vector  diagram  of  the  autotransformer  connection  and 
the  winding  representation  on  a  three  limb  core  are  shown  in 
Fig.  4  (b)  and  (c)  respectively.  The  optimum  phase  shift 
angle  between  a’b’c’  and  a'Vc”  is  30  degrees.  Therefore,  from 
Fig.  4  (b)  the  length  ki  becomes  0.26(pu). 

From  the  MMF  balanced  equations  of  the  three  limbs  as 
shown  in  Fig.  4(c),  the  utility  line  current  U  is  obtained  by, 

la  =Ia'  +Ia"  +^^0"  -  Ib"  +  "  Ic)  (D 

V3 

The  proposed  twelve-pulse  approach  is  simulated  on  SABER 
for  continuous  operation.  Fig.  5  (a)  and  (b)  show  the  utility 
line  currents  and  the  frequency  spectrum  of  the  line  current 
la.  Note  that  the  fifth  and  seventh  harmonics  are  absent.  It  is 
also  noted  that  the  fundamental  power  factor  is  unity. 

The  autotransformer  utilized  in  the  proposed  twelve- 
pulse  system  is  designed  such  that  the  size  (in  kVA)  of  the 
transformer  is  minimized. 


Assume  that  dc  output  current  U  is  highly  inductive.  Then 
the  equivalent  kVA  of  the  autotransformer  becomes, 

kVA.„=i(6li:l|v:,|  +  3|lJK|)  (2) 

=  0.18I„V„ 

That  is,  the  reduction  of  the  size  in  kVA  of  the  proposed  12- 
pulse  scheme  is  82%  in  comparison  to  the  conventional  12- 
pulse  diode  rectifier. 

The  proposed  approach  can  also  be  applied  to  twelve- 
pulse  systems  employing  two  three-phase,  diode  bridge 
rectifiers  feeding  separate  DC  power  supplies  as  shown  in 
Fig.  6.  The  fifth  and  seventh  harmonic  current  magnitude 
becomes, 

|l,.,|  =  0224|l,-I,|  (3) 

and  |i„|  =  0.160|l,-I,l  (4) 

Therefore  if  the  two  rectifier  output  dc  current  magnitudes  Ip 
and  Iq  are  identical,  which  is  the  case  for  Fig.  3  where 

T  =T  =-iT  »  then  the  magnitude  of  the  fifth  and  seventh 
2 

harmonics  of  the  input  utility  line  currents  go  to  zero,  i.e. 
|l  5|=|i^^|=0-  When  the  output  dc  current  amplitudes  Ip  and 

Iq  are  different,  the  fifth  and  seventh  harmonics  will  be 
reduced  to  the  magnitude  of  their  difference  as  shown  in  eqns 
(3)  and  (4). 


Fig.  6  Proposed  twelve-pulse  approach  feeding  two  separate 
DC  power  supplies. 


IIL  REDUCED  KVA  24-PULSE  DIODE 
RECTIFIER 

Fig  7  shows  the  proposed  24-pulse  system  which  is  identical 
to  the  conventional  12-pulse  system  with  the  exception  of  the 
two  diodes  connected  to  the  interphase  reactor. 
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harmonics  are  absent  up  to  n  =  22  and  the  significant 
harmonics  are  n  ==  23, 25, 47 ,49, etc.. 


(kVA  rating  =  0.52VoIo) 


Fig.  5  Input  line  current  la  of  the  24-pulse  approach 
IV.  CONCLUSION 


Fig.  8  shows  the  operation  of  the  two  diodes  connected  to  the 
interphase  reactor  and  the  practical  winding  configuration  of 
the  interphase  reactor  according  to  two  modes:  P-mode(Fig. 
8(a))  and  Q-mode(Fig.  8(b)).  Whenever  the  voltage  across  the 
interphase  reactor  goes  positive  (V^  >  0),  diode  Dp  is  turned 
on  and  Dq  is  turned  off  (P-mode)  and  therefore  diode  Dp 
carries  load  current  Id-  From  the  MMF  relationship  of  the 
interphase  reactor  for  the  P-mode,  the  output  currents  of  the 
two  diode  bridge  rectifiers  is  given  by, 


1., ={Q5-k)I,  (5) 

1., ={Q5  +  k)I,  (6) 

where  k  =  No/Nt  and  No  is  the  total  number  of  turns  of  the 
interphase  reactor  and  is  the  number  of  turns  between  the 
midpoint  and  the  tapped  points  of  the  interphase  reactor. 
Whenever  Vm  <  0,  diode  Dq  is  turned  on,  and  Dp  is  turned  off 
and  therefore  diode  Dq  carries  load  current  Id  (Q-mode). 
Similarly,  for  Q-mode  the  output  currents  of  the  two  diode 
bridge  rectifiers  can  be  obtained  by, 


(a)  (I. 

To  load 


i<u!  h-NtH  i<ii 


To  load 


(7) 

(8) 


To  load 


Fig.  8  Operation  of  the  interphase  reactor  with  two  tapped- 
diodes  (a)  P-mode  (b)  Q-mode 

The  value  k  which  minimize  THD  of  the  input  current  \  is 
obtained  by, 

/t  =  ^  =  0.2457 


The  kVA  rating  of  the  delta-wye  transformer  of  the  proposed 
24-pulse  system  is  0.5238VoIo.  Fig  5  shows  input  line  current 
la  which  has  a  typical  24-pulse  waveform.  Note  that  all  the 


In  this  paper  several  autotransformer  arrangements  to 
enhance  the  utility  power  quality  of  high  current  DC  power 
supplies  have  been  proposed.  The  size  (in  kVA)  of  the 
twelve-pulse  rectifier  with  the  proposed  auto  transformer 
arrangement  is  reduced  to  18%  of  the  conventional  12-pulse 
rectifier.  The  proposed  24-pulse  rectifier  draws  near 
sinusoidal  currents  in  the  AC  input  utility.  They  are 
summarized  in  the  table  below. 


kVA  rating 
of 

transformer 

Harmonics 

eliminated 

#of 

interphase 

reactor 

Conventional 

12-pulse 

1.0306VoIo 

5,7th 

1 

Hybrid 

delta-wye 

0.7834VoIo 

5,7th 

0 

Autotrans. 

12-pulse 

0.1834VoIo 

5,7th 

2 

reduced  kVA 
24-pulse 

0.5238VoIo 

5,7,11,13,17, 

19th 

1 
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Abstract 

A  high-power,  water-cooled  resistive  load  which  simu¬ 
lates  the  electrical  load  characteristics  of  a  high-power 
klystron,  capable  of  2  megawatts  dissipation  at  95  kV  DC,  was 
built  and  installed  at  the  Advanced  Photon  Source  for  use  in 
load-testing  high  voltage  power  supplies.  During  this  testing, 
the  test  load  has  logged  approximately  35  hours  of  operation  at 
power  levels  in  excess  of  one  megawatt.  Slight  variations  in 
the  resistance  of  the  load  during  operation  indicate  that  leakage 
currents  in  the  cooling  water  may  be  a  significant  factor  affect¬ 
ing  the  performance  of  the  load.  Sufficient  performance  data 
have  been  collected  to  indicate  that  leakage  current  through  the 
deionized  (DI)  water  coolant  shunts  roughly  15  percent  of  the 
full-load  current  around  the  load  resistor  elements.  The  leak¬ 
age  current  could  cause  deterioration  of  internal  components  of 
the  load.  The  load  pressure  vessel  was  disassembled  and 
inspected  internally  for  any  signs  of  significant  wear  and  dis¬ 
tress.  Results  of  this  inspection  and  possible  modifications  for 
improved  performance  will  be  discussed. 


Figure  1:  Overview  of  load  system. 


I.  INTRODUCTION 

A  high-power  water-cooled  resistive  load,  capable  of  2 
MW  at  95  kV  DC,  was  designed  and  built  at  the  Advanced 
Photon  Source  specifically  to  be  used  as  a  test  load  for  the  rf 
power  supplies.  The  load  simulates  the  filament,  mod-anode, 
and  cathode  load  characteristics  of  the  Thomson  TH-2089A 

*  Work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 


klystron  [1],  and  allows  for  more  convenient  maintenance  and 
testing  of  the  power  supply  units.  The  load  consists  of  two 
sub-assemblies,  connected  to  each  other  by  a  high-voltage 
coaxial  cable  of  sufficient  length  to  reach  all  five  APS  rf  power 
supplies  (see  Fig.  1).  The  resistive  filament  and  mod-anode 
loads  are  contained  within  a  portable  oil-filled  tank  which  can 
be  wheeled  into  position  next  to  the  power  supply  to  be  tested. 
High-voltage  connections  between  the  power  supply  and  the 
load  system  are  made  using  connectors  on  the  oil  tank  which 
are  identical  to  the  ones  used  on  the  klystron,  therefore  making 
connection  to  a  power  supply  system  convenient.  The  high- 
power  portion  of  the  load  is  a  pressure  vessel  which  contains 
wire-wound  resistor  elements  cooled  by  a  continuous  flow  of 
DI  water  (see  Fig.  2).  This  vessel  is  connected  to  the  oil  tank 
by  a  350-foot  coaxial  high-voltage  cable,  allowing  the  load 
system  to  reach  all  five  rf  power  supplies.  Construction  of  the 
load  assemblies  was  completed  in  January  1994,  and  the  load 
was  used  successfully  for  initial  testing  of  all  five  APS  rf 
power  supplies.  These  tests  involved  checking  cathode  and 
mod-anode  voltage  regulation  performance,  ripple  content, 
heater  supply  current  regulation,  and  high-power  heat  runs. 
The  final  power  supply  was  tested  on  November  18,  1994, 
resulting  in  a  total  of  approximately  35  hours  of  load  use  at 
power  levels  of  one  megawatt  or  greater.  At  the  conclusion  of 
this  testing  activity,  the  high-power  dissipation  portion  of  the 
load  was  disassembled  and  inspected  for  signs  of  distress. 


Figure  2:  Internal  view  of  pressure  vessel  with  resistor 
assemblies. 


11.  PERFORMANCE  DATA 

At  initial  assembly,  the  100  series-connected  wirewound 
resistor  elements  in  the  pressure  vessel  (see  Fig.  3)  were  mea¬ 
sured  at  room  temperature  and  found  to  have  a  total  resistance 
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of  4360  ohms.  This  resistance  was  expected  to  increase  to 
approximately  4750  ohms  at  operating  temperature  due  to  the 
positive  temperature  coefficient  of  the  resistor  wire  material. 
When  operating  at  a  calibrated  output  voltage,  the  load  current 
values  indicated  that  roughly  15  percent  of  the  full-load  current 
was  shunted  around  the  load  resistor  elements  through  the 
cooling  water.  This  necessitated  limiting  the  maximum  test 
voltage  on  the  load  to  65  kV,  as  the  power  supply  is  designed  to 
current-limit  at  20  A  output.  Also,  while  operating  at  60  kV 
and  above,  there  were  occasional  sudden  variations  in  load  cur¬ 
rent,  possibly  indicating  the  presence  of  arcing  or  breakdown 
phenomenon  somewhere  in  the  pressure  vessel.  This  instabil¬ 
ity  was  subtle  and  intermittent  in  nature  and  was  not  consid¬ 
ered  a  serious  threat  to  the  operation  of  the  load.  The  oil  tank 
and  interlock  systems  of  the  load  performed  without  problem. 
The  load  system  was  used  successfully  to  complete  the  initial 
high-power  tests  on  all  five  APS  rf  power  supplies. 


Figure  3 :  Photograph  of  resistor  element 

IIL  INTERIOR  INSPECTION 

After  completion  of  the  power  supply  testing,  the  pressure 
vessel  was  disassembled  and  inspected  for  evidence  of  distress. 
Attention  was  paid  to  evidence  of  corrosion,  electrolysis,  elec¬ 
trical  breakdown,  and  overheating  of  interior  structures. 

Evidence  of  electrical  breakdown  or  deterioration  was 
noted  in  two  places  within  the  vessel:  in  the  high-voltage  sili¬ 
cone  lead  wire  used  to  connect  the  input  cable  termination  to 
the  resistor  string,  and  on  oneof  the  tubes  containing  the  resis¬ 
tors.  The  wire  deterioration  was  most  likely  caused  by  the 
cable  moving  about  in  the  turbulent  water  and  passing  too 
close  to  the  interior  surface  of  the  vessel  end  bell  since  it  is 
necessary  to  leave  some  slack  in  this  wire  to  assemble  the 
high-voltage  cable  termination  to  the  end  bell.  The  breakdown 
of  the  resistor-containing  tube  (see  Fig.  4)  was  caused  by  using 
a  material  with  lower  grade  electrical  properties  than  the  tub¬ 
ing  material  used  elsewhere  in  the  load. 

Two  varieties  of  G- 1 1  tubing  were  supplied  by  the  vendor, 
visually  differing  only  in  color — one  tan  and  the  other  tradi¬ 
tional  green.  Both  types  were  certified  by  the  manufacturer  to 
have  the  same  electrical  properties.  However,  subsequent 
hipot  tests  on  samples  indicated  that  the  tan  tubing  suffered 


Figure  4:  HV  damage  to  G-1 1  tube. 


electrical  breakdown  at  15  kV  DC,  while  the  green  tubing  sur¬ 
vived  testing  to  85  kV  DC.  Only  two  tan-colored  tubes  were 
used  in  the  load  assembly.  One  of  these,  positioned  such  that  it 
was  subjected  to  the  second- highest  electrical  potential  in  the 
pressure  vessel,  showed  significant  stress  (see  Fig.  4).  The 
other  tan  tube,  located  farther  down  the  resistor  string  where 
the  electrical  potential  is  well  reduced,  showed  no  evidence  of 
significant  electrical  breakdown. 

Evidence  of  excess  heat  was  noted  in  all  of  the  tubing  in 
the  region  immediately  surrounding  the  1/2”  holes  drilled  in 
the  top  of  each  tube  to  provide  an  escape  path  for  hot  water 
within  the  tube.  It  is  believed  that  the  1/2”  holes  are  too  small 
in  diameter  to  allow  the  heated  water  inside  the  tubing  to  dis¬ 
perse  rapidly  into  the  general  water  flow,  resulting  in  the  dis¬ 
coloration  noted  (see  Fig.  5). 


Figure  5:  Heat  stress  on  G-11  tubing  near  1/2”  diameter 
holes. 
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Corrosion  of  interior  metal  components  was  limited  to  the 
wirewound  resistor  elements  themselves,  which  showed  slight 
development  pf  iron  oxide  at  the  electrical  connections.  This 
was  later  determined  to  be  a  non-issue,  as  the  contact  resis¬ 
tance  of  these  connections  was  measured  and  found  to  be 
approximately  0.2  ohms  or  less.  The  resistor  wire  itself 
showed  no  evidence  of  corrosion  or  degradation,  the  interior  of 
the  pressure  vessel  showed  no  signs  of  electrolytic  action 
between  interior  metal  components,  and  there  was  no  indica¬ 
tion  of  any  electrical  arcing  to  the  inside  surface  of  the  vessel. 

IV.  DESIGN  CHANGES 

Several  design  changes  have  been  proposed  to  enhance  the 
operational  convenience  of  the  load  system  and  to  correct 
design  problems  discovered  after  inspection  of  the  pressure 
vessel  interior.  Permanent  installation  of  the  coaxial  high-volt¬ 
age  cable  and  the  load  system  interlock/control  cable,  complete 
with  connectors  located  at  each  power  supply  location,  will 
make  the  system  much  easier  to  use.  Concerning  the  problems 
noted  in  the  pressure  vessel,  the  following  improvements  are 
planned: 

®  Replace  the  resistor  elements  themselves  with  continuous 
nichrome  resistor  wire  material  wound  around  ceramic  or 
G-10  bobbins,  thus  eliminating  many  mechanical  parts  in 
the  resistor  assembly  and  reducing  the  number  of  electri¬ 
cal  connections  necessary  in  the  resistor  string.  This  will 
allow  currently  wasted  space  between  the  resistors  to  be 
used  for  more  resistor  materia,  increasing  the  total  resis¬ 
tance  of  the  load  to  approximatly  5,300  ohms  and  com¬ 
pensating  for  the  leakage  current  through  the  cooling 
water.  Water  column  calculations  indicate  that  the  major 
leakage  current  path  through  the  cooling  water  is  most 
likely  between  the  resistor  windings  themselves,  and  thus 
is  not  indicative  of  electrolytic  actions  [2].  Therefore,  it  is 
felt  that  this  leakage  current  can  be  safely  included  as  a 
component  of  the  load  current. 

®  Upgrade  all  G-11  material  inside  the  pressure  vessel  to 
material  which  can  withstand  electrical  breakdown  to  85 
kVDC. 


®  Enlarge  the  hot-water  escape  holes  on  the  top  of  all  resis¬ 
tor  tubes  to  one  inch  diameter,  easing  the  escape  of  heated 
water  from  the  interior  of  the  tubes. 

•  Design  and  install  a  spring-loaded  pressure  contact 
between  the  input  cable  well  and  the  series-resistor  string, 
thereby  eliminating  the  “flying  lead”  connection  presently 
used. 

®  Install  a  filter  (10  to  20  metal  mesh  is  adequate)  near  the 
vessel  water  inlet  to  prevent  particulate  matter  from  accu¬ 
mulating  inside  the  pressure  vessel.  The  deionized  water 
for  the  vessel  is  filtered  only  near  the  pump.  However,  in 
the  150  ft  of  piping  from  the  pump  to  the  vessel  a  lot  of 
contamination  can  occur,  especially  if  there  is  other  piping 
work  being  performed  in  the  same  area. 

®  Install  a  satellite  polishing  bed  of  deionizing  canisters  be 
installed  in  the  supply  piping  to  the  pressure  vessel  to  keep 
the  resistivity  of  the  cooling  water  at  a  predetermined  min¬ 
imum. 

®  Coat  the  interior  of  the  pressure  vessel  with  an  epoxy  resin 
to  reduce  the  effects  of  stray  leakage  current  to  the  vessel 
interior. 

V.  SUMMARY 

It  is  planned  to  use  this  water-cooled  high-voltage  load 
system  to  support  future  maintenance,  performance  testing, 
and  troubleshooting  of  the  APS  rf  power  supplies.  The  pro¬ 
posed  design  improvements  are  scheduled  to  be  completed  by 
the  end  of  1995  and  should  significantly  improve  the  conve¬ 
nience,  performance,  and  reliability  of  the  load  system.  It  will 
remain  permanently  installed  in  the  APS  rf  klystron  gallery  as 
part  of  the  rf  system. 
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I.  INTRODUCTION 

The  CEBAF  accelerator  is  a  five  pass,  recirculating,  CW 
electron  Linear  accelerator  [1].  There  are  a  total  of  nine 
recirculation  arcs  connecting  the  two  Linacs.  Three 
experimental  halls  are  serviced  by  the  accelerator  through 
separate  transport  channels.  The  magnet  powering  system  for 
CEBAF  consists  of  approximately  2000  independent  control 
channels.  About  1850  of  these  channels  are  low  current,  trim 
magnet  power  supplies.  There  are  28  higher  power  supplies 
used  to  energize  the  major  bending  elements.  Over  one 
hundred,  20  amp,  active  shunts  are  used  to  vary  current  in 
selected  magnets  in  the  major  dipole  strings.  The  majority  of 
the  magnetic  elements  are  concentrated  in  the  arcs  and 
transport  channels  [2].  There  are,  however,  a  significant 
number  of  trim  magnets  in  the  source,  injection  transport  and 
Linacs.  Table  1  is  a  list  of  all  magnets. 


Element 

Ouantitv 

Major  Dipoles 

390 

Correction  Dipoles 

1047 

Quadrupoles 

707 

Sextupoles 

96 

Septa 

27 

Table  1  -  Magnet  Quantities 

The  correction  dipoles,  quadrupoles  and  sextupoles  are 
each  powered  individually  by  a  dedicated  trim  power  supply 
channel.  The  arc  and  extraction  channel  dipoles  are  powered  in 
series  strings  by  the  high  powered  supplies,  known  locally  at 
CEBAF  as  '’Box  Power  Supplies".  Arc  loads  consist  of  some 
30-40  magnets  in  series.  Transport  channel,  path  length 
control  doglegs  and  septa  box  power  supplies  have  loads 
ranging  from  1  to  10  magnets.  Shunts  are  installed  on 
virtually  all  loads  where  two  or  more  magnets  are  in  series. 

At  this  time,  95%  of  the  power  supplies  are  installed  and 
commissioned.  In  the  past  twelve  monAs,  beginning  in  May 
of  1994,  approximately  1200  trim  magnet  power  supplies 
have  been  checked  out.  During  this  same  period  approximately 
22  box  power  supplies  and  100  shunts  have  been  made 
operational.  Full  operation  of  the  equipment  has  only  been 
under  way  since  early  1995.  While  this  operation  is  only  just 
beginning,  much  has  been  learned  based  on  the  reliability 
performance  seen  so  far.  The  remainder  of  this  paper  describes 
the  systems  mentioned,  their  reliability  problems,  the  fixes 
implemented  to  date,  and  some  plans  for  the  future. 

11.  SYSTEM  DESCRIPTIONS 


♦Supported  by  U.S.  DOE  contract  DE-AC05-84ER40150 


A.  Box  Power  Supplies 

The  box  power  supplies  were  acquired  from  a  commercial 
vendor  via  competitive  bidding  on  a  technical  specification  [3]. 
The  supplies  are  Danfysik,  System  8000  magnet  power 
supplies.  They  contain  some  control  and  interface 
modifications  for  the  CEBAF  application.  Table  2  is  a  list  of 
the  ratings  of  the  supplies.  The  supply  topology  is  a  diode  or 
SCR  bridge  followed  by  a  series  transistor  regulator  output.  A 
precision  DCCT  and  temperature  stabilized  DAC  form  the 
current  regulation  circuit  that  drives  the  transistor  bank. 
Regulation  is  10  PPM. 


Power  -  kW  Voltage  -  V 
14  50 

42  65 

66  300 

152  660 

161  250 


Current  -  A  Quantity 
270  11 

645  2 

220  5 

230  7 

645  3 


Table  2  -  Box  Power  Supply  Parameters 


B.  Shunts 

Shunts  have  been  placed  across  selected  magnets  in  each 
series  string  to  provide  a  low  cost,  independent  knob  for 
steering  corrections.  The  shunts  are  capable  of  bypassing  up 
to  20  amps  or  400  Watts,  whichever  is  greater,  around  the 
selected  magnet  [4].  The  shunts  are  implemented  using 
MOSFET  power  transistors.  The  current  regulation  is  0.05%. 

C.  Trim  Power  Supplies 

The  trim  powering  system  has  been  described  previously 
[5].  Each  rack  contains  up  to  32  trim  cards,  two  bulk  voltage 
power  supplies  and  a  general  purpose  utility  chassis.  The  trim 
cards  are  200W,  linear,  bipolar  current  regulators  capable  of 
10  amps  output.  The  regulation  is  performed  by  a  temperature 
controlled  analog  block  containing  a  current  measuring  shunt, 
preamp,  DAC  and  error  amplifier.  Regulation  is  100  PPM. 
The  utility  chassis  provides  control  power  as  well  as  rack 
control  and  interlock  coordination. 

D.  Controls 

Each  box  power  supply,  shunt  and  trim  card  has  its  own 
embedded  microprocessor  for  communication,  control  and  error 
status  monitoring.  Communication  to  the  supplies  is  via  an 
RS-485  serial  link  driven  by  a  CAMAC  based  power  supply 
Scanner  Module.  Virtually  all  high  level  accelerator  controls 
are  now  implemented  through  EPICS,  a  VME  based  system 
that  drives  the  CAMAC  serial  link.  Alarm  monitoring  is 
performed  by  EPICS. 
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E,  Availability/Reliability  Requirements 

An  availability  budget  for  each  accelerator  subsystem  has 
been  set.  The  budgeted  goals  are  gradually  raised  over  a  five 
year  period  beginning  in  1994.  These  increasing  availability 
numbers  reflect  the  transition  from  a  commissioning  stage  to 
full  operation. 

Availability  is  defined  as  the  ratio  of  actual  operating  time 
to  scheduled  operating  time.  With  overall  accelerator 
availability  set  by  design  mandate,  each  subsystem  is  allocated 
a  portion  of  the  total  budget.  Availability  is  related  to  the 
Mean  Down  Time  (MDT)  and  the  Mean  Time  Between 
Failures  (MTBF)  by; 

A=:  1  ~  MDT/MTBF 

The  total  availability  of  a  group  of  subsystems  is  just  the 
product  of  the  individual  availability  numbers.  The  MTBF  for 
a  set  of  k  independent  systems  is  given  by: 

MTBF=  l/( 

where  N  is  the  number  of  elements  in  the  system  with  a 
failure  rate  of  X  and  1/X  is  just  the  per  unit  MTBF  of  the 
element.  The  availability  requirement  for  the  power  supply 
systems  is  given  in  Table  3. 


FY94 

FY95 

FY96 

FY97 

FY98 

Trims 

0.92 

0.95 

0.97 

0.98 

0.98 

Box  PS 

0.95 

0.97 

0.985 

0.99 

0.99 

&  Shunts 

Table  3  -  PS  Availability  Budget 

By  making  some  assumptions  about  the  MDT  for  the 
power  supply  system  elements  and  using  the  availability 
requirements  above,  the  required  per  unit  MTBF  for  each 
element  may  be  calculated.  These  values  may  then  be 
compared  with  either  vendor  supplied  data  or  with  estimates 
for  elements  with  similar  complexity.  This  exercise  will  shed 
some  light  on  where  improvement  efforts  should  be 
concentrated  and  will  determine  if  the  goals  are  achievable. 

For  the  case  of  the  box  supplies  and  shunts  in  FY98,  it  is 
assumed  that  the  availability  budget  is  split  equally  between 
the  two  distinct  elements;  that  is  Aj=A2=0.995  .  The  MDT 
for  the  box  power  supply  is  estimated  to  be  4  hours  since 
repairs  generally  take  place  in  situ.  The  MDT  for  the  shunts  is 
estimated  to  be  1  hour  since  these  cards  can  be  swapped  and 
repaired  off  line.  Based  on  these  assumptions,  the  required  per 
unit  MTBF  for  the  box  supplies  and  the  shunts  are  22,400 
hours  and  20,000  hours  respectively.  Both  of  these  values 
seem  achievable  by  the  hardware  as  is  the  availability. 

A  similar  analysis  for  the  trim  system  is  quite  revealing. 
For  FY98  the  trim  system  availability  budget  is  0.98.  In  this 
case  again,  the  assumption  is  made  that  the  availability 
requirement  is  broken  into  two  equal  pieces  shared  by  elements 
of  the  trim  system.  The  first  element  is  the  1850  trim  cards. 
Using  an  availability  of  0.99  and  an  MDT  of  0.5  hours  (hot 
swap  capability  in  this  case),  a  required  per  unit  MTBF  of 
92,500  hours  is  calculated.  The  second  element  in  the  trim 
system  is  the  approximately  120  bulk  power  supplies  and  60 
utility  chassis.  Using  a  0.99  availability  figure  and  a  1  hour 


MDT,  a  required  per  unit  MTBF  of  18,000  hours  is  calculated. 
While  the  bulk  supply  and  utility  chassis  MTBF  seems 
achievable,  there  clearly  is  a  problem  with  the  trim  cards. 
What  can  be  done? 

A  40-50,000  hour  MTBF  might  be  achievable  after  some 
time  and  some  expense  with  the  trim  cards.  That  means  that 
the  MDT  needs  to  be  decreased  or  the  trim  card  availability 
allocation  within  the  total  power  supply  budget  needs  to  be 
decreased  in  order  to  reach  a  total  power  system  budget  of  0.97 
by  FY98.  It  is  believed  that  both  these  options  are  possible. 
The  MDT  should  decrease  as  power  supply  personnel  become 
more  experienced.  Also  as  operations  personnel  become  more 
experienced  in  identifying  and  compensating  for  failed 
correctors,  the  beam  downtime  per  failure  should  decrease. 
Improvements  in  the  other  elements  of  the  power  system  will 
mean  that  more  of  the  total  availability  allocation  will  be  used 
by  the  trims.  Whether  a  full  factor  of  two  will  be  achievable 
in  these  areas  remains  to  be  seen. 

III.  PROBLEMS  AND  CORRECTIONS 

A.  Box  Power  Supplies 

There  has  been  only  one  operational  failure  of  the  box 
power  supply  hardware  to  date.  Other  problems  have  occurred 
but  these  were  related  to  either  installation  or  load  failures. 
Both  ground  faults  and  thermal  problems  have  been  observed. 
CEBAF  has  modified  the  ground  fault  detecting  circuit  in  the 
power  supplies  due  to  deficiencies  in  its  ability  to  detect  all 
faults  and  latch  them.  With  approximately  3.5  months  of 
running  (at  60%  scheduled  up  time)  and  an  excess  of  20 
supplies  operating,  one  failure  yields  an  observed  MTBF  of 
greater  than  25,000  hours. 

B.  Shunts 

Approximately  six  shunt  cards  have  been  changed  in  the 
same  3.5  months  of  service  as  described  above.  Of  these,  only 
one  failure  is  believed  to  have  been  serious  enough  to  have 
caused  machine  interruption.  Based  on  six  card  replacements, 
the  observed  MTBF  is  approximately  25,000  hours. 

C.  Trim  Power  Supplies 

As  may  be  surmised  from  the  approximate  numbers  given 
for  the  box  supplies  and  shunts,  complete  failure  tracking  or 
downtime  accounting  systems  have  not  been  implemented 
yet.  As  in  the  previous  cases,  only  general  comments  are 
possible  at  this  time  without  a  detailed  tracking  system. 

There  have  been  22  bulk  power  supply  failures  in  the  past 
15  months.  The  supplies  are  returned  to  the  manufacturer 
under  warranty  for  repairs.  Failure  reports  indicate  that  two 
thirds  of  the  problems  were  in  the  automatic  voltage-current 
mode  cross-over  circuitry.  Most  failures  seem  to  occur  at  start¬ 
up  following  extended  machine  maintenance  periods.  Based  on 
an  estimated  5000  hours  of  operating  time  for  the  120 
supplies,  the  calculated  MTBF  is  in  the  25-30,000  hour  range. 

Utility  chassis  failures  have  been  greatly  reduced  during 
the  last  year  due  to  several  upgrades  being  made  to  all  60 
units.  Additional  cooling  was  added  to  the  chassis  to  reduce  the 
ambient  temperature  seen  by  the  control  power  supplies.  The 
control  power  distribution  connections  for  these  supplies, 
internal  to  the  chassis,  were  re-worked  after  it  was  noted  that 
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bad  connections  were  responsible  for  intermittent  and/or  low 
output  voltages.  The  2-3  failures  seen  during  the  3.5  months 
of  operation  since  the  upgrades  has  resulted  in  an  MTBF  in 
excess  of  30,000  hours. 

Prior  to  last  summer,  trim  cards  were  failing  at  a  rate  of 
slightly  more  than  one  per  day.  Since  commissioning  and 
installation  was  still  in  progress,  the  exact  number  of  cards  in 
service  at  any  particular  time  has  been  difficult  to  reconstruct. 
It  is  probably  safe  to  say  that  the  MTBF  at  that  time  was  less 
than  20,000  hours.  The  causes  for  removal  were  varied, 
however,  one  common  problem  was  seen  in  many  of  the 
failures.  A  surface  mount  chip  capacitor  on  the  temperature 
controlled  analog  block,  used  for  input  power  filtering,  was 
frequentiy  burned  up.  After  testing,  it  was  determined  that  the 
capacitor  could  be  removed  without  adversely  affecting  the 
circuit  performance.  All  cards  in  service  have  had  this 
modification.  The  failure  rate  has  been  reduced  to 
approximately  one  every  3-5  days.  The  MTBF  is  believed  to 
be  in  the  50-100,000  hour  range.  Confirmation  of  this  awaits 
better  failure  tracking. 

D.  Controls 

The  only  responsibility  for  external  hardware  controls 
retained  by  the  power  supply  group  is  for  the  CAMAC  based 
Scanner  Modules.  Failure  statistics  for  this  item  are  not  well 
documented,  however,  some  observations  are  possible.  The 
card,  developed  by  a  commercial  vendor  for  CEBAF, 
experienced  mostly  soft  failures.  That  is,  there  were  no  bad 
components  but  status  information  was  corrupted.  These 
problems  were  traced  to  noise  within  the  crates  and  on  the  card 
itself.  Additional  power  bypassing  on  the  crate  controller 
along  with  correction  of  the  mechanical  alignment  of  edge 
connectors  improved  the  situation.  Finally,  changes  to  the  on 
board  EPLD  logic  along  with  the  replacement  of  FCT  TTL 
devices  with  LS  TTL  devices  cured  the  problem.  All  three  of 
these  items  contributed  to  excessive  noise  levels  on  the  card’s 
data  and  control  lines.  Since  the  repairs  the  cards  have 
performed  reliably.  There  are  in  excess  of  100  scanner  cards  in 
service. 


some  status  ambiguity.  A  proposal  is  on  the  board  for 
removing  completely  the  CAMAC  based  scanner  by  installing 
its  functionality  in  the  EPICS  VME  crate.  The  CAMAC 
hardware  is  a  leftover  from  TACL,  the  original  CEBAF 
control  system. 
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IV.  PLANS  FOR  THE  FUTURE 

A.  Failure  Tracking 

The  two  failure  tracking  utilities  used  to  date,  one 
accelerator  wide,  one  power  group  internal,  have  not  proved 
effective.  Both  suffer  from  reporting  inconsistencies  and  a  lack 
of  useful  information  retrieval  features.  Also  there  is  no  good 
accelerator  downtime  recording  system  in  use.  Subsystem 
availability  is  consequently  not  well  measured.  To  improve 
the  failure  tracking,  the  BIF  and  Power  Supply  Groups  are 
collaborating  on  the  set  up  of  new  database  for  this  purpose. 
The  database  chosen  is  Access  running  under  Windows  for 
WorkGroups  [6]. 

B.  Upgrades 

Planned  software  upgrades  include  improvements  to  the 
EPICS  control  screens  to  allow  more  in  depth  remote 
diagnostics  and  better  Alarm  Monitoring.  The  improvements 
should  reduce  the  MDT  by  speeding  problem  identification. 

Additional  monitor  points  are  planned  for  the  box 
supplies  to  allow  safer  and  speedier  diagnostic  work.  More 
detailed  reporting  of  interlock  status  is  planned  to  help  remove 
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L  INTRODUCTION 

The  CEBAF  cryogenic  system  consists  of  three 
refrigeration  systems:  Cryogenic  Test  Facility  (CTF), 
Central  Helium  Liquefier  (CHL),  and  End  Station 
Refrigerator  (ESR),  see  figure  1  [1,2].  We  now  have 
49,000  hours  of  CTF  and  35,000  hours  of  CHL  operation. 
The  CHL  is  the  main  cryogenic  system  for  CEBAF, 
consisting  of  a  4.8  kW,  2.0  K  refrigerator  and  transfer  line 
system  (TL)  to  supply  2.0  K  and  12  kW  of  50  K  shield 
refrigeration  for  the  Linac  cavity  cryostats  and  10  g/sec  of 
liquid  for  the  End  Stations,  see  figure  2.  This  paper 
describes  the  nine  year  effort  to  commission  these  systems 
concentrating  on  the  CHL  with  its  high  tech  component  the 
cold  compressors  (CC),  see  figure  3.  The  CC  are  a  cold 
vacuum  pump  with  an  inlet  temperature  of  3  K  which  use 
magnetic  bearings;  they  eliminate  the  possibility  of  air 
leaks  into  the  subatmospheric  He  which  could  easily  cause 
a  multi-month  down  time  for  repurification. 
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Figure  2.  Linac  Distribution  System 


Figure  3.  Block  Diagram  of  Refrigerator 
11.  BACKGROUND 


The  cryogenic  effort  started  with  converting  the 
Conceptual  Design  Report  into  the  detailed  specification 
for  the  CHL;  this  was  the  highest  priority  due  to  the  long 
lead  time  associated  with  the  CC  and  the  need  for  a 
projected  two  year  bum-in  time  to  obtain  98%  availability. 

The  process  of  awarding  the  contract  took  11  months 
starting  with  the  draft  specification  being  sent  to  the 
vendors  and  ending  with  the  award  in  January  1988.  This 
was  CEBAF’ s  first  major  contract  and  still  is  the  second 
largest  technical  contract  (SRF  cavities  production  is  the 
largest).  During  the  construction  the  contract  appeared  to 
be  proceeding  relatively  smoothly  except  for  the 
engineering  personnel  being  repeatedly  pulled  off  to 
prepare  SSC  bids.  Problems  surfaced  during  installation 
and  commissioning;  the  10  months  scheduled  installation 
and  commissioning  became  4y  years.  Table  1  is  the 
project  timeline. 

III.  He  TRANSFER  LINES 

After  writing  the  CHL  specification,  the  emphasis  was 
immediately  on  getting  the  CTF  and  its  TL  built,  installed, 
and  commissioned  so  that  it  could  support  cavity  R&D  and 
production.  The  CTF  started  operation  in  August  1988, 
and  effort  immediately  shifted  to  the  Linac  TLs.  The  TL 
design  was  based  on  the  Fermilab  6  km  long,  168  mm 
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diameter  line  with  its  eccentric  shield.  CEB  AF  has  2  km  of 
TLs  varying  from  114  to  457  mm  with  250  bayonets. 

Table  1.  Cryogenic  Timeline 

Feb.  86  CEBAF  CDR 

Feb.  87  CHL  specification  to  vendors 

Jan.  88  CHL  contract  awarded 

Aug.  88  CTF  operational 

Dec.  89  Delivery  4.5  K  system 

Jul.  90  *****Scheduled  2  K  acceptance  test***** 

Dec.  90  Screw  compressor  system  operational 
Delivery  2.0  system 

Feb.  91  First  4.5  K  coldbox  operation 
N.  Linac  supply  TL  cooldown 
**Start  injector  commissioning 
May  92  N.  Linac  return  TL  cooldown 

**Start  N.  Linac  commissioning 
Aug.  92  T4  turbine  operational 
Mar.  93  S.  Linac  supply  and  return  TL  cooldown 
Rebuilt  CC  returned 
Jul.  93  Unstable  2.9  K  CC  operation 
Sep.  93  CEBAF  assumes  responsibility  for  CC 
commissioning 
New  CC  control  concept 
30  min,  run  2.2  K 
Dec.  93  CHL  contract  closed 
Jan.  94  Additional  4.5  K  heat  exchanger  installed 
3750  W  @  2.1  K  run 

Feb,  94  Last  of  second  stage  warm  compressors 
replaced 

Cool  down  first  end  station  magnet 
Apr.  94  Stable  2.3  K  CC  operation 
May  94  * *Start  final  beam  commissioning 

Stable  2.1  K  CC  operation 
Jul.  94  *****First  beam  on  target***** 

Aug.  94  32  day  continuous  CC  run 

Nov.  94  ESR  operational 

Mar.  95  Three  end  station  cryogenic  operation 

The  N.  Linac  Supply  Transfer  Line  was  cooled 
15  minutes  after  the  first  drop  of  liquid  was  produced  with 
the  CHL.  One  of  the  25  g/sec  He  vacuum  pumps  permitted 
commissioning  of  the  injector  to  begin.  The  last  of  the 
Linac  TL  was  cooled  down  25  months  later. 

The  operating  schedule  has  not  permitted  detailed  heat 
leak  measurements,  but  based  on  operating  performance 
they  appear  to  be  close  to  design.  The  static  heat  load  for 
Linac  TLs  and  42  j  cryomodules  is  approximately  800  W 
at 2 K plus  8000  Wat 50 K. 

IV.  4.5  K  SYSTEM 

The  4.5  K  system  was  delivered  only  two  months 
behind  schedule,  but  the  commissioning  had  not  started  by 
the  scheduled  2  K  acceptance  test  date.  At  this  time  the 
system  still  has  a  large  amount  of  remaining  work.  While 


there  were  several  technical  problems,  the  vendor  did  not 
want  to  complete  the  4.5  K  earlier  than  was  required  by  the 
CC  problems.  The  generalized  problem  was  that  work  was 
not  done  on  the  4.5  K  system  if  a  2.0  K  system  component 
was  broken  and  also  converse;  i.e.,  everything  was  in  series 
in  an  attempt  to  minimize  costs. 

The  initial  4.5  K  problem  discovered  was  incorrect 
assembly  of  the  main  screw  compressor  heat  exchangers, 
permitting  the  oil  to  bypass  the  water  cooling  tubes.  The 
second  problem  was  that  the  coldest  turbine  bearings  failed 
three  times.  Eighteen  months  later  the  root  cause  was 
found  when  the  same  seal  failed  in  the  next  coldest  turbine. 

The  last  four  problems  caused  trouble  during  the  4.5  K 
commissioning  but  became  critical  when  we  started  to 
commission  the  CC. 

1)  The  warm  screw  compressors  were  reduced  in  size 
after  the  initial  design  review.  The  contract  required 
that  we  could  run  at  full  capacity  with  one  of  the  three 
first  stage  compressors  off  or  at  reduced  capacity  with 
one  of  the  three  second  stages  off.  We  were  unable  to 
operate  the  CC  with  all  six  compressors  on.  In  the 
winter  of  1993/1994,  we  replaced  the  second  stage 
compressor  with  the  originally  reviewed  size.  The 
motors  had  been  sized  for  larger  units  and  did  not 
need  to  be  changed.  Replacing  the  first  stage 
compressors  is  still  a  remaining  task. 

2)  The  heat  exchangers  between  30  and  4  K  were  sized 
for  steady  state  only  and  have  a  pressure  drop  too 
high  for  CC  starting,  4.5  K  refiigeration,  or  off-design 
operation.  Replacing  these  exchangers  would  require 
a  three-month  CEBAF  shutdown  and  therefore  is  not 
planned  for  the  near  future. 

3)  In  addition  to  the  above  problem,  the  4.5  K  subcooler 
has  two  problems:  a)  Two  phase  flow  was  attempted 
in  a  platefin  exchanger;  this  causes  major  60  second 
oscillations  in  the  4.5  K  system,  b)  The  exchanger  is 
80%  deficient  in  heat  transfer.  In  January  1994,  a 
second  4.5  K  subcooler  was  installed  in  the 
interconnect  U-tube  between  the  two  coldboxes. 

4)  In  an  attempt  to  fix  the  previously  discussed  coldest 
expander  problem,  the  flow  nozzle  was  reduced  by 
8%,  which  then  made  it  too  small  to  support  the  CC. 
A  spare  turbine  with  the  correct  size  was  procured  but 
not  installed. 

V.  2.0  K  SYSTEM 

The  2  K  coldbox  consists  of  the  four  stage  CC  and  a 
small  heat  exchanger  which  lower  the  supply  temperature 
from  4.5  K  to  2.3  K.  Each  of  the  CC  stages  has  a  variable 
frequency  drive  with  the  motor  cooled  by  liquid  nitrogen. 
The  bearing  consists  of  a  five  degree  of  fireedom  magnet 
bearing  system  backed  up  by  mechanical  bearing  (see 
figure  4). 

The  2  K  coldbox  suffered  a  long  series  of  electrical 
failures.  The  CC  were  based  on  Torr  Supra’s,  scaled  up  a 
factor  of  3  in  size  and  10  in  power.  The  Torr  Supra  units 
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had  run  for  50,000  hours  without  a  major  failure  while 
during  commissioning  CEBAF’s  had  a  MTBF  of 
«100  hours  and  a  MTTR  of  »1000  hours. 
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The  2  K  coldbox  suffered  a  long  series  of  electrical 
failures.  The  CC  were  based  on  Torr  Supra's,  scaled  up  a 
factor  of  3  in  size  and  10  in  power.  The  Torr  Supra  units 
had  run  for  50,000  hours  without  a  major  failure  while 
during  commissioning  CEBAF’s  had  a  MTBF  of 
«100  hours  and  a  MTTR  of  »1000  hours. 

There  were  eight  major  electrical  failures;  they  were 
caused  by  two  problems: 

1)  High  voltage  in  low  pressure  He:  2  failures 

2)  Differential  contraction:  6  failures 

The  problem  of  voltage  breakdown  in  He  is  well 
known  to  superconducting  magnet  builders  but  not  to 
industry  in  general.  The  Torr  Supra  CC  were  scaled  by  a 
factor  of  3  in  both  voltage  and  current  which  led  to  380  V 
in  the  third  and  fourth  stages.  In  1989  the  third  stage  arced 
over  during  pre-delivery  component  testing.  Isolation 
transformers  and  spike  filters  were  added  to  the  two  highest 
stages.  This  was  the  primary  reason  the  2  K  coldbox  was 
delivered  14  months  late. 

The  second  arc  occurred  in  1992  at  CEBAF  in  the 
fourth  stage.  This  resulted  in  a  complete  redesign  of  the 
motors  which  lowered  the  voltage  on  the  third  and  fourth 
stages  to  170  V  and  took  8  months. 

The  second  problem  was  in  the  potted  fine  wire 
position  and  speed  sensing  coils;  these  coils  were  reported 
to  be  identical  to  the  Torr  Supra  coils  except  for  a  slight 
increase  in  diameter.  The  wire  would  open  circuit  upon 


cooldown  and,  in  at  least  one  case,  healed  itself  on 
warmup.  There  were  three  failures  in  the  position  sensing 
coils  which  on  the  average  took  1000  hours  to  repair.  After 
the  second  failure  all  the  upper  position  sensing  coils  were 
replaced  with  unpotted  coils;  upon  recooldown  the  lower 
position  sensing  failed,  leading  to  their  replacement. 

Two  failures  in  the  speed  sensors  did  not  stop  testing; 
the  speed  request  was  wired  to  supply  the  actual  speed 
signal.  These  were  replaced  during  the  motor  rebuild. 

The  last  failure  occurred  after  the  rebuilt  motors  were 
reinstalled  and  cooled  down;  the  upward  axial  thrust  coil 
was  actually  a  dual  coil  unknown  to  us.  It  used  another 
fine  wire  coil  to  provide  the  dc  force  to  compensate  for 
gravity;  this  coil  was  not  replaced.  This  coil  provided  an 
intermittent  ground  fault.  The  electronics  were  modified  to 
eliminate  this  coil  and  use  the  main  coil  to  provide  the  dc 
biases  as  well. 

In  May  1993  the  CC  were  finally  ready  for  serious 
commissioning  and  they  reached  an  unstable  3.35  K.  The 
next  run  in  July  reached  an  unstable  2.9  K.  The  next  run 
was  in  September;  at  this  point  two  major  changes 
occurred: 

1)  CEBAF  assumed  responsibility  for  commissioning  in 

order  to  accelerate  the  commissioning  progress. 

2)  A  philosophic  error  was  found  in  the  CC  control:  a 

30  minute  run  at  2.2  K  was  achieved  September  13, 

1993. 

The  remainder  of  1993  was  spent  studying  the  system 
to  find  the  four  problems  discussed  in  section  IV.  About 
50%  of  the  time  through  April  1994  was  devoted  to  stable 
liquefaction  to  support  cryomodule  RF  commissioning.  As 
the  date  of  accelerator  tum-on  approached,  priority  shifted 
from  reaching  lower  temperature  to  developing  reliable  CC 
starting  procedures.  Accelerator  operations  at  2.3  K  started 
on  schedule. 

After  three  weeks  of  beam  operation,  there  was  a 
concern  that  since  we  were  operating  above  Lambda, 
bubbles  in  the  He  were  causing  cavity  vibration  problems 
beyond  the  control  response  of  the  RF  system.  Beam 
testing  stopped,  and  three  days  were  spent  developing  the 
procedures  for  2.1  K  operation. 

Since  July  1994,  effort  on  the  CC  was  spent  on 
available,  speedy  reliable  restarts,  regulation,  and  finally 
fully  automatic  computer  controlled  restarting  [3,4]. 
Figure  5  shows  the  last  pumpdown;  the  repair  took 
0.8  hours,  and  restart  took  an  additional  2.8  hours. 

The  refrigerator  is  now  operating  at  full  capacity  at 
2.08  K. 

VI.  COMPONENT  RELIABILITY 

The  35,000  hours  of  CHL  operation  have  given 
reliability  problems  similar  to  those  experienced  by 
Fermilab  during  the  first  four  years  of  Tevatron  operation. 
Loss  of  utilities  is  the  most  painful  of  the  problems  because 
it  shuts  the  system  down  completely.  The  utilities  are 
configured  for  redundancy. 
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VII.  AVAILABILITY 
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Figure  5.  Repair  and  Pumpdown  Cycle 


The  CEBAF  site  is  fed  by  two  taps  to  the  power  grid 
with  a  manual  switch  over.  The  high  reliability  tap  feeds 
the  CHL  and  ESR,  and  causes  one  or  two  outages  per  year. 
The  CTF  is  fed  from  the  second  feed  and  has  10  to  15 
outages  per  year,  most  less  than  a  second  in  duration. 

The  CHL  water  system  also  averages  one  complete 
outage  per  year  and  several  periods  at  reduced  capacity. 
While  the  triply  redundant  compressed  air  system  has  not 
been  down,  moisture  in  the  air  has  caused  several 
downtimes  annually.  A  system  that  has  not  caused 
downtime  is  the  power  for  the  CHL  computers.  The  UPS 
has  a  triple  redundant  power  feed:  two  power  feeds  from 
the  site  grid  plus  an  automatically  starting  generator. 

The  4  K  system  reliability  has  been  good  but  still 
needs  another  factor  of  three  improvement  to  reach  our 
goal  of  99.5%.  The  six  main  screw  compressors  are  all 
approaching  30,000  hours.  There  were  two  premature 
failures  at  10,000  hours  of  the  main  compressors’  bodies 
believed  due  to  initial  misalignment  during  commissioning. 
The  second  stage  oil  pump  bearings  have  all  failed  at  about 
25,000  hours.  An  annual  failure  has  been  a  1.7  MW  motor 
lead  connection  loosening  up  and  then  arcing  over;  in 
theory  this  problem  has  been  fixed  by  rebolting  all  the 
motor  connections  with  Belleville  washers.  There  have 
been  two  failures  of  the  main  butterfly  valve  linkages. 

The  4  K  coldbox  has  been  relatively  good.  The 
bearings  on  the  25  K  turbo  expander  have  twice  failed 
while  jumping  through  the  critical  speed  ranges  during  CC 
starting.  The  inlet  filter  to  the  15  K  turbo  expander 
plugged  with  contamination,  requiring  localized  warmup 
three  times. 

With  only  8000  hours  of  CC  operation  including 
commissioning,  it  is  too  early  to  comment  on  the  2  K 
system  reliability. 


Cryogenic  availability  for  the  previous  ten  months  has 
averaged  96.5%;  the  downtime  and  its  cause  are  shown  in 
figure  6.  The  cause  is  split  between  the  4  K  system  (1.4%), 
the  2  K  system  (0.7%),  and  the  cryogenic  controls  (1.3%). 
The  cryogenic  controls  category  includes  cryogenic 
software  and  hardware,  as  well  as  linac  cryogenic 
instrumentation  for  the  cavities.  Not  included  in  the 
downtime  is  another  1%  of  non-availability  charged  to 
other  subsystems  such  as  utilities;  these  included  site 
power,  city  water,  end  station  errors,  and  MCC  problems. 
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Figure  6,  Cryogenics  Downtime  (June  1994-March  1995) 

During  this  period  there  were  40  unscheduled  CC  trips 
plus  two  additional  downtimes  which  did  not  trip  the  CC. 
This  is  a  174-hour  MTBF  and  a  6.0  hour  MTTR.  The 
longest  CC  run  was  766  hours,  while  the  shortest  was 
5  hours.  About  half  of  the  6-hour  MTTR  was  the  response 
and  repair  time,  while  the  other  half  was  the  accelerator 
pumpdown  time. 

The  primary  4  K  system  downtime  was  caused  by 
contamination  tripping  the  25  K  and  15  K  turbines;  the 
turbine  trip  in  turn  causes  a  temperature  transient,  which 
would  trip  the  CC.  Other  causes  included  the  warm  screw 
compressor  trips  and  some  control  valves. 

Only  one  of  the  2  K  system  downtimes  was  associated 
with  the  CC  hardware;  with  a  valiant  14-hour  all-night 
effort,  it  was  possible  to  get  the  magnetic  bearing 
electronics  operational  again.  Five  downtimes  were  due  to 
excursions  of  the  CC  out  of  their  stable  operating  regions, 
and  not  traceable  to  any  equipment  failures. 

The  unreasonably  large  cryo  control  downtime  was 
due  to  three  root  causes:  a)  a  failure  of  a  supervisory  LAN 
connection  and/or  board,  b)  intermittent  failures  of  the 
linac  serial  highways  which  transmit  load  liquid  level 
information,  and  c)  overloading  of  memory  allocations  due 
to  adding  the  third  refrigeration  system,  ESR,  to  the 
network.  The  first  was  fixed  by  replacing  several  boards 
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and  reworking  all  the  terminations,  the  second  problem  still 
remains,  and  the  third  has  been  partially  fixed. 

The  effort  on  CC  restarting  procedures  had  major 
effects  on  availability.  In  June  1994  a  very  good  CC  restart 
took  5  hours,  while  bad  ones  took  three  or  four  times 
longer.  During  the  fall,  procedures  improved  and  increased 
the  probability  of  successfully  pumping  down.  During  the 
last  four  months,  the  average  downtime  was  4.7  hours,  with 
the  pumpdown  time  being  2.5  hours  for  CC  trips  lasting 
3  hours  or  less.  During  the  last  two  months,  this  was  fully 
automated,  including  jumping  of  turbines  through  their 
critical  speed  range. 

VIIL  REMAINING  TASKS 

The  primary  need  is  to  be  able  to  shut  down  any  one  of 
the  six  warm  screw  compressors  for  maintenance  or  repair. 
With  the  previously  discussed  replacement  of  the  second 
stage  compressors,  we  have  been  able  to  operate  reliably 
but  have  not  reached  either  of  the  contractually-required 
modes  of  operation.  We  cannot  operate  the  CC  for  more 
than  two  hours  with  a  second  stage  off;  we  can  operate 
with  a  first  stage  off  but  at  reduced  capacity.  Therefore  it 
is  our  highest  priority  either  to  install  additional  second 
stage  compressor  capacity  or  to  develop  the  CC  operation 
procedure  for  this  mode. 

The  primary  cryogenic  weakness  is  the  CC  repair 
times.  Even  with  the  50,000  hour  compressor  and 
40,000  hour  controller  MTBFs,  we  cannot  approach  the 
98%  average  availability  goal.  To  achieve  98%  we  need  to 
achieve  one  week  repair  on  the  compressors  and  eight 
hours  on  the  controllers.  While  in  one  case  we  were  able  to 
get  the  controller  operational  again  and  our  repair 
capability  is  steadily  increasing,  our  best  estimate  of  repair 
times  are  still  an  order  of  magnitude  away  jfrom  our  needs. 

Therefore  CEBAF  is  in  the  process  of  procuring  a 
complete  redundant  set  of  CC  and  controllers.  During  the 
following  year  these  will  be  assembled  into  a  redundant 
2  K  coldbox  system. 

The  remaining  major  problem,  the  4  K  to  30  K 
exchangers,  are  costing  efficiency  and  CC  restarting 
delays.  Since  there  are  no  planned  3-month  cryogenic 
shutdowns  in  the  next  few  years,  work-arounds  will 
continue.  We  are  planning  to  order  the  replacement 
exchangers  and  store  them  for  a  future  opportunity  to 
install  them. 


Two  independent  contracts,  each  with  its  own 
acceptance  requirements,  would  have  saved  a  minimum  of 
two  years  of  the  nine  year  effort.  The  gains  would  have 
come  primarily  from  the  4  K  system: 

1)  The  4  K  contract  would  have  specified  the  interface 
flow  rates,  etc.,  eliminating  some  of  the  design  errors. 

2)  The  4  K  acceptance  test  would  have  flagged  the  4  K 
problems  in  1991  and  forced  their  resolution  at  that 
time. 

3)  The  commissioning  would  have  been  independent 
efforts  eliminating  delays  in  finishing  the  4  K  plant 
because  a  2  K  component  failed. 

The  second  mistake  is  that  early  in  the  contract  when 
good  progress  was  being  made,  the  details  of  the  contract 
were  not  always  enforced.  A  full-time  CEBAF 
inspector/engineer  at  the  factory  should  have  also  been 
used. 
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IX.  LESSONS  LEARNED 

This  procurement  contained  one  high  tech  element,  the 
CC;  CEBAF’ s  initial  planning  was  to  make  it  a  separate 
procurement.  Due  to  the  unanimous  request  of  all  the 
bidders,  these  two  procurements  were  combined.  In 
hindsight  this  appears  to  have  been  a  major  mistake.  The 
contract  did  require  two  independent  coldboxes,  which 
permitted  us  to  use  the  4  K  system  to  commission  the 
accelerator  with  minimal  impacts. 
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I.  INTRODUCTION 


n.  Beam  SCREEN 


The  two  rings  of  the  LHC  beam  vacuum  system  have  a 
total  length  of  about  54  km  of  which  almost  48  km  will  be  at 
L9  K,  the  temperature  of  the  superconducting  magnets  [1], 

With  the  design  energy  of  7.0  TeV,  combined  with  a 
bending  radius  of  2784.32  m,  the  critical  energy  of  the 
synchrotron  radiation  emitted  by  the  protons  is  44.1  eV.  At 
the  maximum  current  of  536  mA  each  beam  will  emit  a 
photon  flux  of  9.44  10  photons  s“^  m"^  and  a  power  of 
0.206  Wm-k 

The  total  synchrotron  radiation  power  emitted  by  the  two 
beams  is  0.41  Wm"^  which,  combined  with  an  additional 
resistive  wall  power  loss  of  0.15  Wm"^  for  both  beam  tubes, 
would  be  a  considerable  heat  load  for  a  1.9  K  cryogenic 
system.  Thus  a  so-called  beam  screen,  maintained  at  a 
temperature  between  5  K  and  20  K  by  gaseous  helium  flow,  is 
inserted  in  the  magnet  cold  bore  to  intercept  this  power. 

The  synchrotron  radiation  photons  incident  on  the  beam 
screen  (or  other)  surface  will  desorb  gases  (H2,  CH4,  CO  and 
CO 2)  from  the  near  surface  (primary  desorption);  gas  which 
then  may  be  cryopumped  back  onto  the  very  same  surface. 
These  physisorbed  molecules,  which  are  still  exposed  to  the 
photons,  are  relatively  loosely  bound  and  easily  re-desorbed 
and  recycled  by  these  photons  (secondary  desorption).  In 
addition,  more  and  more  gas  may  build  up  on  the  surface  of 
the  screen  until,  when  a  monolayer  or  so  is  exceeded,  the 
thermal  vapour  pressure  of  the  H2  component  will  increase 
rapidly  to  a  level  incompatible  with  the  required  beam-gas 
lifetime  of  100  hours.  This  lifetime  implies  a  H2  gas  density  < 
9.8  10^^  molecules  m"^  (i.e.  <  1.0  10"^  Torr  at  10  K),  or 
correspondingly  less  for  heavier  gases  (e.g.  <7.1  10^^ 
molecules  m"^  for  CO  2). 

The  ion  induced  desorption  yields  from  this  condensed 
gas  layer  also  increase  with  increasing  quantity  yet  again 
progressively  deteriorating  the  vacuum  [2]. 

With  bunched  proton  beams,  pressure  rises  can  also  occur 
due  to  electron  multipactoring  driven  by  the  electric  field  of 
the  proton  bunches  [3]. 

In  order  to  limit  the  pressure  increase  due  to  the  above 
effects  the  beam  screen  will  be  perforated  over  a  few  percent 
of  its  surface  to  allow  pumping  by  the  1.9  K  cold  bore  surface, 
where  the  vapour  pressure  of  all  gases  (except  He)  is 
negligible,  and  the  condensed  gas  is  shielded  from  synchrotron 
radiation,  ion  bombardment  and  multipactoring. 


The  present  design  of  the  beam  screen  is  based  on  a  1  mm 
thick  stainless  steel  tube,  for  mechanical  strength,  with  a 
square  cross-section  and  Cu  coated  on  the  inside.  To 
minimize  the  beam  coupling  impedance  of  the  screen  the 
interior  surface  must  have  a  high  electrical  conductivity  and 
this  is  provided  by  the  Cu  which  can  be  deposited  either  by 
electroplating  [4]  or  in  bulk  form  by  an  overlay  process  [5]. 

A  thick  bulk  Cu  screen  would  collapse  due  to  the  large 
electromagnetic  forces  induced  during  a  magnet  quench.  It 
has  been  shown  that  a  Cu  layer  50  |xm  thick  is  sufficient  from 
an  impedance  point  of  view  and  results  in  acceptable  quench 
induced  forces. 

This  square  cross-section  (compared  to  circular  or 
elliptical  sections)  maximises  the  available  horizontal  and 
vertical  apertures  (44  mm  x  44  mm)  while,  at  the  same  time, 
leaving  space  between  it  and  the  surrounding  1.9  K  cold  bore 
for  the  supports  and  the  cooling  pipes  (brazed  or  laser  welded 
to  the  outside)  which  maintain  the  screen  temperature  between 
5  K  and  20  K.  This  is  shown  schematically  in  Figure  1. 

To  extract  the  synchrotron  radiation  and  the  resistive  wall 
power  loss  in  the  screen  one  cooling  pipe  is  enough,  but  two 
or  even  four  may  be  installed  for  symmetry  reasons  to 
minimise  magnetic  field  distortion. 


Figure  1 .  A  schematic  cross-section  of  the  square  section 
beam  screen  in  the  1 .9  K  cold  bore  tube. 
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The  supports  are  injection  moulded  polyetherimide 
(Ultem  2100,  General  Electric  Plastics)  which  has  a  good 
radiation  resistance  and  a  low  thermal  conductivity. 

The  pumping  holes  in  the  beam  screen  represent 
discontinuities  for  the  image  currents  of  the  beam  and, 
compared  to  a  non  perforated  screen,  result  in  an  increased 
beam  coupling  impedance.  A  particular  effect  that  influences 
the  real  part  of  the  impedance  is  that  power  may  be  coupled 
through  the  holes  into  the  space  between  the  beam  screen  and 
the  vacuum  chamber  (this  configuration  forms  a  coaxial  line 
or  TEM  line)  and  propagates  nearly  (due  to  the  presence  of  the 
dielectric  supports)  in  synchronism  with  the  beam.  The 
forward  coupled  signal  gradually  builds  up  in  strength 
(coherently)  until  a  certain  equilibrium  is  reached  and,  leaking 
back  into  the  beam  screen,  further  adds  to  the  real  part  of  the 
coupling  impedance.  This  effect  depends  on  the  size  of  the 
holes  and  the  additional  power  loss  is  estimated  to  be  about 
0.01  Wm-l. 

A  suitable  pumping  hole  shape  which  minimises  the 
impedance  is  that  of  a  narrow  slot  with  rounded  ends.  In  order 
to  reduce  as  much  as  possible  the  contribution  to  the 
impedance  from  so-called  trapped  modes,  the  length  and 
longitudinal  position  of  the  slots  will  be  randomised  [6]. 

This  randomisation  of  the  slot  spacing  helps  to  suppress 
higher  frequency  modes  beyond  waveguide  cut-off  associated 
with  the  slot  periodicity.  In  particular,  it  reduces  the  forward 
and  backward  scattered  power  both  within  the  beam  screen 
and  the  backward  coupled  power  into  the  TEM  mode 
propagating  between  the  screen  and  the  cold  bore. 

The  present  design  has  4.3%  of  the  beam  screen  surface 
perforated  by  eight  rows  of  lengthwise  slots  of  width  1.5  mm 
and  lengths  varying  randomly  between  6  mm  and  10  mm. 
This  pattern  will  be  repeated  every  500  mm. 


other  gases  is  to  reduce  substantially  the  vapour  pressure  of 
the  H2.  This  is  illustrated  in  Figure  2  where  the  adsorption 
isotherms  at  4.2  K  have  been  measured  in  the  laboratory  and 
with  no  radiation  for  pure  H2  and  for  H2  with  various 
concentrations  of  CO  2  [8].  However,  in  reality  the  secondary 
recycling  effects  will  probably  remain  and  this  suppression  of 
the  vapour  pressure  may  not  be  a  lasting  effect  in  the  LHC 
machine. 
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Figure  2.  The  H2  vapour  pressure  of  H2/CO2  mixtures 
condensed  at  4.2  K  as  a  function  of  surface  coverage. 


III.  MAGNETIC  PERMEABILITY 

With  the  square  section  beam  screen  and  its  cooling  pipes 
it  has  been  shown  that  a  magnetic  permeability  less  than  1.005 
(in  the  operating  temperature  range  5  K  to  20  K)  is  necessary 
to  avoid  a  significant  magnetic  field  distortion  [7].  Since  the 
conventional  300  series  stainless  steels  have  permeabilities 
well  in  excess  of  1.005  at  low  temperature,  several  other 
grades  of  stainless  steel  containing  high  concentrations  of  N2 
and  Mn  and  giving  acceptably  low  permeabilities  are  being 
evaluated  for  the  construction  of  the  beam  screen.  Taking  into 
account  the  possible  manufacturing  steps,  the  weldability  and 
the  magnetic  properties  of  the  welds  in  these  steels  are  also 
being  investigated. 

IV.  VAPOUR  PRESSURE 

Between  5  K  and  20  K  the  H2  component  of  the 
cryopumped  gas  layer  will  have  a  vapour  pressure  which  will 
increase  rapidly  when  the  coverage  approaches  one 
monolayer.  Except  for  He,  the  vapour  pressures  of  the  other 
gases  are  negligible.  Compared  to  pure  H2,  the  effect  adding 


V.  BEAM  SCREEN  VACUUM  BEHAVIOUR 

Assume  that  only  H2  is  desorbed  by  the  photons,  and  that 
the  beam  screen  temperature  is  less  than  20  K  so  that  some  H2 
will  be  cryopumped  on  to  its  inner  surface. 

At  the  start  of  the  desorption  an  initial  minimum  gas 
density  (pressure)  in  the  beam  screen  will  be  determined  by 
the  total  desorption  rate  and  the  cryopumping  speed  of  the 
complete  surface  (including  holes).  As  the  surface  becomes 
saturated,  re-emission  of  H2  causes  the  density  to  rise, 
possibly  attaining  a  limiting  density  when  there  is  no  net 
pumping  by  the  cold  surface  since  all  the  desorbed  gas  will  be 
taken  by  the  pumping  slots  which  are  backed  by  a  cryopump 
of  infinite  capacity.  This  limiting  equilibrium  gas  density  is 
now  determined  by  the  total  desorption  rate  and  the  pumping 
speed  of  the  slots.  The  pumping  speed  of  the  slots  thus 
provides  an  upper  limit  to  the  gas  density  . 

The  ratio  of  this  limit  to  the  initial  density  is  equal  to  the 
ratio  of  the  pumping  speed  of  the  whole  surface  to  that  of  the 
slots.  For  a  sticking  coefficient  of  1  and  4.3%  of  the  surface 
slotted  this  ratio  is  23.3. 
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VI.  PHOTON  INDUCED  GAS  DESORPTION 


LHC  Running  Time  (h) 

Figure  3.  The  H2  gas  density  in  the  LHC  as  a  function  of 
the  running  time  in  hours  with  53  mA  and  a  10  K  beam  screen 
with  2%  slots. 

The  behaviour  of  vacuum  chambers  exposed  to 
synchrotron  radiation  at  room  temperature  is  relatively  well 
known  in  that  the  desorption  yields  and  their  variation  with 
photon  dose  have  been  measured  for  a  variety  of  chamber 
materials  and  critical  energies  [9].  However  at  room 
temperature  all  secondary  effects  such  as  recycling  of 
adsorbed  gas  are  negligible  and,  in  order  to  try  to  quantify  the 
low  temperature  behaviour,  a  collaboration  was  established 
with  the  Budker  Institute  for  Nuclear  Physics,  Novosibirsk, 
Russia,  to  make  the  appropriate  measurements. 


The  results  are  shown  in  Figure  3  where  the  data  have 
been  scaled  to  the  LHC  parameters  at  7.0  TeV  and  53  mA  (i.e. 
the  estimated  initial  operating  current).  Of  necessity  all  the 
measuring  instruments  are  at  room  temperature  and  the  gas 
densities  in  the  cold  beam  screens  were  calculated  using  the 
Knudsen  relation.  In  this  particular  experiment  only  H2  and 
some  CO  were  detected.  The  measurements  of  the  desorption 
yields  at  low  temperature  were  carried  out  on  1  m  long 
prototype  beam  screens  in  a  specially  designed  cryostat 
installed  in  a  dedicated  synchrotron  radiation  beam  line  on  the 
VEPP  2M  electron-positron  storage  ring  [10].  The  nominal 
energy  of  the  VEPP  2M  storage  ring  is  around  500  MeV  but  to 
reproduce  the  low  critical  energy  of  the  LHC  it  was  run  at  an 
energy  of  300  MeV  which  corresponds  to  a  critical  energy  of 
50  eV,  close  to  the  44.1  eV  of  the  LHC. 

The  synchrotron  radiation  was  incident  on  the  side  of  the 
beam  screen  at  a  glancing  angle  of  10  mrad  and  illuminated 
almost  the  complete  1  m  length  of  the  beam  screen.  The 
screen  was  perforated  with  10  mm  x  1  mm  longitudinal  slots 
over  2%  of  its  surface  and  maintained  at  10  K  with  the 
surrounding  cold  bore  at  3  K. 

The  data  of  Figure  3  show  the  initial  H2  density  increase 
due  to  secondary  effects  followed  by  the  limitation  due  to  the 
pumping  slots.  The  ratio  of  the  limit  density  to  the  initial 
density  is  less  than  that  calculated  from  the  area  of  the  slots 
and  the  beam  screen  indicating  that  the  sticking  coefficient  is 
<1. 

After  warming  to  77  K  to  desorb  H2,  CH4  and  CO,  a 
similar  behaviour  is  observed  with  some  evidence  of  a 
reduction  in  the  desorption  yield  (cleaning)  towards  the  end. 
The  measured  gas  densities  are  well  below  that  necessary  for 
the  100  hour  beam-gas  lifetime  limit.  However  it  must  be 
repeated  that  C02»  which  has  a  nuclear  scattering  cross- 
section  about  13.9  times  that  of  H2,  was  not  detected  but  may 
still  be  desorbed  in  the  LHC  beam  screen  and  thus  contribute 
the  main  beam-gas  lifetime  limitation. 


Figure  4.  A  schematic  view  of  the  intermagnet  connection  showing  the  beam  screen  cooling  channels  A  and  the  bellows  B. 
The  lower  part  shows  the  bellows  compressed  for  mounting  using  tool  D  and  the  upper  part  shows  the  assembled  bellows.  The 
open  gap  C  between  the  beam  screens  is  bridged  by  spring  contacts  (not  shown). 
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VIL  INTERMAGNET  CONNECTION 

A  schematic  diagram  of  the  prototype  intermagnet 
connection  is  shown  in  Figure  4.  Each  beam  screen  with  its 
cooling  pipes  must  be  joined  to  the  next  between  each  magnet 
via  flexible  connections.  For  beam  impedance  reasons  the 
transition  must  be  smooth  and  able  to  absorb  the  45  mm 
contraction  of  the  magnet  cold  mass  when  it  cools  to  1.9  K. 
Thus  there  are  a  series  of  BeCu  springs  in  good  electrical 
contact  with  the  beam  screen  to  provide  continuity  for  the 
image  currents.  Since  there  are  at  least  3000  intermagnet 
connections,  each  with  4  welds  between  vacuum  and  liquid 
He,  it  was  decided  as  a  matter  of  principle  to  try  and  avoid  He 
to  beam  vacuum  welds.  As  He  will  not  be  cryopumped,  any 
leak  may  be  critical  for  the  operation  of  the  LHC.  The  design, 
therefore,  is  such  that  the  cooling  pipes  emerge  into  the 
insulation  vacuum  where  all  welds  to  the  flexible  connectors 
are  made. 

VIIL  PRESSURE  MEASUREMENT 

The  measurement  of  pressure  or,  to  be  more  precise,  gas 
density  in  the  cold  parts  of  the  beam  vacuum  system  has 
always  been  considered  to  be  difficult  since  all  conventional 
measuring  instruments  have  been  designed  to  operate  at  room 
temperature  and  also  may  dissipate  a  few  Watts. 

The  obvious  solution  of  simply  taking  one  of  the 
conventional  hot  filament  vacuum  gauges  and  mounting  it  on 
a  test  vacuum  chamber  and  immersing  all  in  liquid  He  at  4.2  K 
was  tried  and  proved  to  be  successful  [11,  12]  in  that  the 
gauge  head  worked  and  gave  meaningful  readings.  However, 
this  particular  gauge  head  dissipated  almost  2  W  which  was 
consequendy  absorbed  by  the  He. 

A  second  more  elegant  method  of  measuring  the  gas 
density  in  the  LHC  beam  vacuum  could  consist  in  collecting 
the  electron  current  produced  by  the  beam  ionisation  of  the 
residual  gas  on  a  system  of  biased  electrodes  placed  at 
intervals  around  the  ring  [13].  The  measured  current  is 
proportional  to  the  average  total  gas  density.  For  vacuum 
diagnostic  purposes,  an  LHC  proton  beam  would  be 
debunched  and  the  electron  current  measured  around  the 
machine.  In  addition  to  measuring  the  average  residual  gas 
density  around  the  ring  this  method  could  be  used  to  detect  He 
leaks  before  they  are  able  to  be  detected  by  the  room 
temperature  measuring  devices  placed  at  widely  spaced 
intervals  around  the  machine  [14,15].  Similar  diagnostics 
have  previously  been  used  routinely  in  the  CERN  Intersecting 
Storage  Rings  and  Antiproton  Accumulator. 

IX.  WARM  SECTIONS 

About  3  km  (i.e.  10%)  of  the  machine  consists  of  vacuum 
chambers  at  ambient  temperature.  To  reduce  the  coupling 
impedance  the  electrical  conductivity  of  the  vacuum  chambers 
in  the  warm  sections  must  be  as  high  as  possible  and  therefore 


they  must  be  made  of  either  A1  or  Cu  with  a  thickness  of  at 
least  1  mm. 

In  the  warm  sections  a  total  pressure  <1  10"^®  Ton* 
containing  90%  H2  is  required,  the  rest  being  CH4,  CO  and 
CO  2*  The  chambers  will  therefore  be  baked. 

An  additional  requirement  is  that,  with  beam,  the  vacuum 
does  not  exhibit  any  instabilities  due  to  ion  bombardment  or 
electron  multipactoring.  The  installed  pumping  speed  and  its 
distribution  will  therefore  be  such  to  give  the  required  base 
pressure  and  vacuum  stability.  Also  the  vacuum  chamber 
inside  surface  must  have  a  low  secondary  electron  yield  to 
ensure  no  beam  induced  multipacting. 

X.  INSULATION  VACUUM 

In  order  to  provide  sufficient  thermal  insulation,  the 
pressure  in  the  insulation  vacuum  must  be  in  the  10"^  Torr 
range.  This  may  at  first  sight  seem  trivial  but  it  must  be 
remembered  that  there  are  many  layers  of  thermal  insulation 
which  present  a  large  thermal  degassing  load.  During 
operation  however,  efficient  pumping  of  all  gases  except  He 
will  be  provided  by  the  1.9  K  surface  of  the  superconducting 
magnets. 

During  the  first  few  weeks  of  running  the  LHC  magnet 
string  test  with  one  quadrupole  and  two  dipole  magnets  it  was 
observed  that  the  first  pumpdown  of  the  insulation  vacuum 

from  atmospheric  pressure  to  1  10“^  Torr,  where  the 
turbomolecular  pumps  can  be  turned  on  and  a  He  leak 
detection  started,  took  about  30  hours.  After  a  return  to 
atmospheric  pressure  using  dry  N2,  the  second  pumpdown  to 
the  same  level  took  only  about  14  hours. 

The  total  pressure  before  cooldown  was  in  the  low  10“^ 
Torr  range  and  consisted  mainly  of  H2O.  After  cooldown,  the 
total  pressure,  measured  with  gauges  at  room  temperature  was 
in  the  low  10"^  Torr  range  and  again  consisted  mainly  of  H2O 
[16,17]. 

For  ease  of  testing  during  the  installation  phase  and  to 
contain  any  He  leaks  the  insulation  vacuum  will  be  isolated  at 
regular  intervals  by  vacuum  barriers, 

XL  CONCLUSIONS 

A  design  for  the  beam  screen  has  been  made  which 
satisfies  the  criteria  of  aperture  and  impedance.  The  magnetic 
permeability  requirements  at  low  temperature  are  severe  and 
necessitate  the  use  of  special  high  N2  and  Mn  content  stainless 
steels. 

The  adsorption  isotherms  for  mixtures  of  the  gases 
desorbed  by  synchrotron  radiation  have  been  measured  at 
4.2  K  and  show  that  the  H2  vapour  pressure  component  is 
suppressed. 

Measurements  of  synchrotron  radiation  induced  gas 
desorption  at  10  K  at  the  Budker  Institute  of  Nuclear  Physics 
confirmed  the  predicted  vacuum  behaviour  of  the  beam  screen 
where  the  slots  limit  the  gas  density  increases.  For  an  LHC 
beam  current  of  53  mA,  which  is  the  expected  current  during 
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the  initial  operation,  the  resulting  H2  gas  density  was  well 
below  that  required  for  a  100  hour  beam-gas  lifetime. 
However,  CO  2,  which  has  a  nuclear  scattering  cross-section 
about  13.9  times  that  of  H2,  was  not  detected  during  these 
measurements  but  may  still  be  desorbed  and  further  reduce  the 
lifetime. 

A  design  has  been  made  for  the  intermagnet  connection 
which  satisfies  impedance  criteria  and  ensures  that  there  are 
no  He  to  beam  vacuum  welds. 

The  warm  sections  of  the  machine  must  be  made  from 
either  A1  or  Cu  and  baked  to  obtain  the  necessary  low 
pressures.  In  addition,  considerations  of  vacuum  stability  and 
beam  induced  multipactoring  place  constraints  on  the  pumping 
system  and  the  secondary  electron  yield  of  the  inner  surface  of 
the  vacuum  chambers. 

Initial  experience  gained  with  the  magnet  string  test 
indicated  that,  with  the  magnets  at  1.9  K,  the  insulation 
vacuum  reached  the  low  10“^  Torr  pressure  range  thus 
providing  a  good  margin  of  safety  for  the  thermal  insulation. 
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Abstract 

A  combination  of  a  Medical  Gantry  and  Patient 
Positioning  System  is  required  to  direct  a  particle  therapy 
beam  to  a  supine  patient  from  a  variety  of  angles.  The 
requirements  of  beam  direction  and  size  for  precision 
beam  treatment  result  in  stringent  criteria  for  the 
magnetics  and  mechanical  structure  of  the  gantry.  In  this 
paper  the  requirements  of  large  gantries  for  ion  therapy 
will  be  discussed.  A  variety  of  ion  beam  gantries  for 
beam  energies  up  to  and  beyond  250  MeV  have  been 
designed,  constructed  and  are  being  planned.  The 
mechanical  alignment  requirements  will  be  discussed  and 
compared  with  actual  performance  where  available.  The 
beam  optics  requirements  will  also  be  discussed  and 
compared  amongst  different  gantry  designs 

1.  INTRODUCTION 

Since  Wilson  wrote  the  classic  paper  in  1946  [1] 
discussing  the  potential  application  of  fast  protons  for 
radiotherapy,  the  use  of  ion  beams  for  therapy  has  been 
proven  an  effective  tool  for  a  variety  of  treatments [2]. 
The  development  of  advanced  treatment  planning 
codes[3]  has  allowed  for  the  conceptualization  of 
treatments  that  maximize  dose  delivered  to  the  necessary 
volume  and  minimize  the  dose  received  by  possible 
nearby  critical  structures.  In  parallel  with  that 
development,  the  hardware  required  to  realize  advanced 
treatment  techniques  has  also  been  developing.  The 
Gantry  includes  the  structure  which  carries  the  necessary 
devices  so  as  to  allow  the  therapy  beam  to  be  directed 
from  virtually  any  angle  in  a  plane. 

One  eventual  aim  of  a  gantry  system,  and  the  most 
demanding,  is  to  be  capable  of  dynamic  therapy.  This 
technique  requires  the  beam  angle  to  be  adjusted  during  a 
treatment,  thus  minimizing  the  beam  exposure  at  the 
surface  while  concentrating  on  the  target  volume.  One  of 
the  key  advantages  of  protons  is  the  precision  with  which 
one  can  potentially  deliver  a  treatment.  The  treatment 
area  can  be  selectively  treated  while  minimizing  the  dose 
to  a  critical  structure  which  can  be  a  fraction  of 
millimeter  distant.  To  realize  this  possible  precision,  the 
hardware,  for  protons  in  particular,  must  be  appropriately 
designed. 


II.  OPERATING  GANTRIES  and  GANTRIES 
UNDER  CONSTRUCTION 

There  are  presently  several  ‘high  energy’  gantries  in 
operation  or  under  construction.  This  paper  does  not 
include  discussion  of  the  conventional  electron  linear 
accelerator  gantry  system,  which  are  widespread 
throughout  the  world.  Rather  the  concentration  is  on 
gantries  for  therapy  with  heavier  particles. 

Consideration  of  Gantry  geometry  possibilities  leads 
to  several  paths.  It  is  interesting  to  note  that,  especially  in 
the  case  of  proton  and  neutron  gantries,  practically  all 
these  paths  have  been,  or  are  being  pursued.  There  has 
not  developed  a  consensus  about  a  preferred  scheme,  other 
than  finding  one  which  results  in  the  least  expensive 
overall  system  and  yet  meets  all  the  clinical  requirements. 

One  question  to  ask  is  whether  the  accelerator  and  the 
gantry  should  be  decoupled  or  physically  integrated.  Of 
course  the  latter  requires  an  accelerator  capable  of  being 
attached  to  a  gantry  structure  and  rotated  through  360°. 
This  in  fact  has  been  done  at  Harper  Hospital  in  Detroit[4] 
for  neutron  therapy,  using  superconducting  cyclotron 
technology.  There  is  no  proven  method  to  date  of 
miniaturizing  an  accelerator  for  high  energy  proton 
therapy  although  a  couple  have  been  proposed.  Another 
advantage  of  coupling  the  accelerator  with  the  gantry  is 
that  the  accelerator  typically  produces  a  non-symmetric 
phase  space,  which  can  be  used  if  it  is  integrated  in  the 
gantry.  A  main  reason  to  separate  the  gantry  is  to  feed  a 
beam  delivery  system  with  multiple  beam  lines. 

Another  issue  is  the  relative  location  of  the  gantry  and 
patient  positioner  relative  to  the  isocenter.  Should  the 
patient  positioner  be  required  to  move  as  the  gantry 
rotates  as  implemented  at  the  PSI  [5].  In  the  case  where 
the  isocenter  is  a  point  along  the  axis  of  rotation  of  the 
gantry  this  is  not  necessary,  but  that  requires  the  gantry  to 
be  large. 

Last  in  this  non-exhaustive  list,  is  the  question  of  how 
the  beam  will  be  shaped  (spread)  to  match  the  target.  The 
use  of  passive  scattering  vs.  active  scanning  may  affect 
the  gantry  geometry.  In  particular,  the  location  of  the 
scattering  or  scanning  devices  may  be  an  important  factor. 
It  is  desirable  to  have  a  large  effective  source  to  isocenter 
distance.  This  can  be  achieved  by  a  large  physical 
separation  between  the  beam  spreading  system  and  the 
isocenter  after  the  last  gantry  dipole,  or  by  incorporating 
these  systems  within  the  gantry  optics  and  using  close  to 
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point  to  parallel  focusing  from  the  spreaders  to  the  gantry 
output  (as  at  PSI),  This  latter  technique  tends  to  require 
large  apertures  and  therefore  heavy  dipole(s). 

All  of  the  above  considerations  have  merit  one  way  or 
the  other,  and  have  in  fact  been  implemented  one  way  or 
the  other.  Production  of  more  than  one  of  a  kind  seems  to 
be  left  for  commercial  development.  This  was  done  in  the 
case  of  neutron  gantries  by  Scanditronix  (Scand)  [6,7,8] 
and  The  Cyclotron  Corporation  (TCC)  [9,10].  Several 
gantries  were  built.  For  protons,  Science  Application 
International  Corporation  (SAIC)  has  built  one  for  the 
Loma  Linda  University  Medical  Center  (LLUMC)  [11] 
and  a  team  of  Ion  Beam  Application  (IBA)  and  General 
Atomics  (GA)  is  presently  building  one  for  Massachusetts 
General  Hospital  (MGH)  [12]. 

Table  1  contains  some  parameters  for  large  gantries 
for  a  selection  of  facilities  with  or  building  them. 
Presently,  large  gantries  are  used  for  delivery  of  neutrons, 
or  protons  for  therapy.  To  date,  the  large  and  expensive 
requirements  for  high  energy  heavy  ion  gantries  have 
prevented  them  from  being  used  in  these  applications. 
Superconducting  technology  has  yet  to  be  applied  to  this. 

III.  MAGNETIC  GANTRY  REQUIREMENTS 

A  number  of  parameters  will  determine  the  features 
and  layout  of  the  gantry  without  an  integrated  accelerator. 
These  include: 

1.  The  distance  between  the  last  bending  magnet  and 
the  patient 

The  beam  must  be  uniformly  spread  out  to  the 


desired  treatment  cross  section.  With  the  spreading 
devices  after  the  last  dipole,  the  effective  Source  to 
Isocenter  Axis  distance  (SAD)  will  be  smaller  than 
the  distance  from  the  last  magnet  to  isocenter.  The 
spreading  can  be  done  before  the  last  magnet; 
however  that  will  increase  the  magnet  size 
significantly.  This  distance  must  be  large  enough  to 
reduce  to  an  acceptable  level,  the  ratio  of  the  skin 
dose  to  the  target  dose,  to  provide  the  desired  field 
size  while  not  losing  too  much  energy  in  the 
spreading.. 

2.  The  space  required  for  patient  movement  about  the 
isocenter. 

This  will  determine  the  minimum  ‘gantry  stay  clear’ 
envelope  for  the  patient  support  system  and 
alignment  devices. 

3.  The  magneto-optical  properties  and  beam  trajectory 
requirements. 

This  includes  the  beam  particle  and  energy.  It  is 
related  to  beam  spreading  methods  to  be  used  and 
optimization  of  the  gantry  size  and  weight.  Beam 
spreading  methods  can  include  Scattering  and 
Scanning  or  combinations  of  both. 

4.  Input  Beam  Requirements 

Input  beam  should  be  achromatic,  rotationally 
invariant  (at  least  for  scanning)  at  the  coupling  point 
to  the  gantry  to  achieve  invariant  beam  properties 
independent  of  gantry  angle. 

5.  Mechanical  Properties/Isocenter  Requirements 
This  category  includes  mechanical  deflections  and 
reproducible,  as  well  as  non-reproducible, 
positioning  errors,  particularly  of  beam  sensing 
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devices  and  resulting  in  beam  pointing  errors  at  the 
isocenter,  during  gantry  rotation.  The  vacuum 
requirements  are  modest  at  the  10'^  torr  level. 

6.  Magnetic  field  switching  speed. 

For  some  applications  it  is  required  to  change  the 
beam  energy  transported  by  the  gantry  while  treating 
a  patient,  either  for  depth  modulation,  or  for 
changing  treatment  portals.  The  magnets  on  the 
gantry  must  be  capable  of  this. 

IV.  NEUTRON  THERAPY  GANTRY 

Neutron  Gantries  transport  either  protons  or  deuterons 
to  a  target  (normally  Beryllium)  in  the  treatment  head. 
The  beam  is  converted  to  a  neutron  beam.  The  beam  is 
‘modified’  with  devices  such  as  beam  flattening  filters, 
wedges,  and  collimators  to  set  the  desired  field  size. 

One  example  is  operating  at  the  University  of 
Washington  at  Seattle  [7].  This  Scanditronix  gantry  is 
designed  to  provide  a  beam  as  symmetrical  as  possible  in 
both  transverse  planes.  The  magnification  of  the  optical 
system  is  near  unity  resulting  in  relatively  weaker 
focusing  requirements.  The  focusing  is  also  designed  to  be 
point  to  point  imaging.  This  has  the  effect  of  minimizing 
the  beam  trajectory  angular  requirements  at  the  entrance 
to  the  gantry. 

There  is  sufficient  steering  capability  in  the  beam  line 
to  adjust  the  beam  trajectory  entering  the  gantry  properly 
and  there  is  a  beam  profile  monitor  at  the  entrance  to  the 
gantry.  A  corrector  dipole  in  the  gantry  accounts  for 
gantry  deflection  effects  for  different  gantry  rotation. 

The  neutron  gantry  does  not  have  to  be  achromatic, 
since  the  neutron  conversion  target  is  after  the  last  dipole 
and  the  resultant  neutron  spectrum  has  a  large  spread  in 
energy.  The  Scanditronix  design  incorporates  an  xy 
wobbler  which  produces  a  circular  wobbling  pattern 
within  the  gantry  primarily  to  reduce  the  thermal  effects 
of  the  approximately  50uA  beam  on  the  conversion  target. 
Note  that  the  patient  positioning  device  rotates  about  the 
isocenter  below  the  gantry  head. 

The  gantry  head  is  cantilevered  out  and  therefore  the 
chair  can  be  mounted  below  the  path  of  gantry  rotation. 
The  beam  points  to  the  nominal  isocenter  within  a  circle 
of  confusion  of  diameter  4mm.  The  reproducibility  is 
better  than  this  but  not  required  for  neutron  treatments. 
The  TCC  gantries  are  smaller  and  have  a  reduced 
isocenter  diameter. 
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V.  THE  CORKSCREW  GANTRY 

In  this  gantry  geometry,  introduced  by  Enge  and 
Koehler  [13],  the  major  bending  occurs  in  the  plane  of 
rotation  so  that  these  magnets  do  not  sweep  out  a  large 
volume  of  space  as  the  gantry  is  rotated  as  shown  in  figure 
2.  The  three  dimensional  aspect  of  the  beam  trajectory 
led  to  the  name  Corkscrew  Gantry"..  The  result  is  that 
the  building  to  house  the  gantry  can  be  smaller. 
Disadvantages  are  the  reduced  volume  available  for  the 
patient  positioner  motion  and  for  access  to  patient  within 
the  gantry  open  space,  and  the  greater  amount  of  bend.. 

The  Corkscrew  gantry  has  one  set  of  two  45°  dipoles 
with  a  quadrupole  triplet  in  between  and  another  set  of 
135°  dipoles  and  triplet.  The  first  set  bends  the  beam  out 
of  the  plane  of  the  beam  line.  The  second  set  bends  the 
beam  in  the  orthogonal  plane  toward  the  isocenter.  Since 
this  system  involves  two  orthogonal  bends,  and  the  whole 
system  is  required  to  be  achromatic,  then  each  set  must  be 


Figure  2.  Schematic  of  Koehler  Corkscrew  Gantry 


2006 


achromatic.  In  order  to  achieve  achromaticity,  four 
parameters  are  required,  leaving  two  more  parameters  in 
addition  to  the  pole  edge  rotations.  This  is  adequate  to 
ensure  a  reasonable  beam  size  to  be  transmitted,  but  does 
not  leave  much  flexibility  for  subsequent  optics  changes. 
The  corkscrew  gantry  implemented  at  Loma  Linda 
University  Medical  Center  uses  four  quadrupoles  per  bend 
plane. 

Figure  3  shows  the  results  of  a  TRANSPORT 
calculation  of  the  beam  envelope  in  the  Koehler  gantry 
system.  This  optics  tune  produces  a  waist  at  50cm  from 
the  exit  of  the  last  dipole.  The  input  is  presumed  to  be  a 
symmetric  beam  with  up  to  24n  mm-mrad  phase  space 
area  and  ±0,5%  AP/P. 


Figure  3.  Beam  envelope  through  Corkscrew  Gantry 


In  the  LLUMC  implementation  the  gantry  is  primarily 
supported  by  large  rings.  The  bearing  is  supported  from 
the  floor  and  one  wall  by  support  struts.  The  gantry  is  a 
cone  shaped  structure  made  up  a  of  7  foot  circular  ring  at 
one  end  and  a  16  foot  ring  at  the  larger  end.  The  plates 
are  connected  by  struts.  The  assembly  is  fabricated  in 
sections  small  enough  to  transport  into  the  gantry  room. 
The  magnets  at  LLUMC  are  aligned  to  0.2  mm 
individually  and  0.4mm  gantry  overall.  Measurements  of 
beam  pointing  accuracy  to  isocenter  result  in  an  isoshape 
of  less  than  1 .6mm  diameter  [14]. 

A  variation  of  the  Corkscrew  gantry  is  the  SupernvMt 
gantry  suggested  by  Francis  Farley  [15].  This  starts  with 
the  corkscrew  physical  layout  concept  and  departs  from 
the  two  orthogonal  bend  solution  by  stretching  out  the 
corkscrew  in  such  a  way  that  the  total  gantry  length  is 
longer  and  each  magnet  twists  the  beam  in  a  trajectory 
through  this  path.  Much  of  the  focusing  is  done  with  pole 
edge  rotations  and  the  resulting  system  is  achromatic  at 
the  end. 


VI.  LARGE  THROW  GANTRY 

A  conventional  gantry  is  being  built  for  MGH/NPTC 
[16]  by  IBA  and  GA.  The  rotating  elements  begins  with  4 
quadrupoles  in  the  plane  of  the  beam  switchyard  which 
rotate  with  the  gantry.  They  match  the  beam  from  the 
symmetric  waist  produced  by  the  beam  line  to  the  gantry 
optics  with  an  emittance  of  up  to  32  mm-mrad.. 

The  beam  is  deflected  through  45°,  focused  by  five 
quadrupoles  before  it  is  bent  through  135°  and  directed 
towards  the  isocenter.  The  distance  from  the  output  of  the 
135°  dipole  to  the  isocenter  is  3.0  meters.  The  gantry 
quadrupoles  can  be  adjusted  to  produce  a  waist  with  a 
diameter  of  12mm  at  the  isocenter.  For  scattering  and 
wobbling,  the  quadrupoles  can  be  tuned  to  produce  a 
10mm  radius  waist  at  the  center  of  the  range  modulator 
which  is  about  20cm  from  the  last  dipole  as  shown  in 
figure  4. 

SCI  -1  3 


Figure  4.  Beam  envelope  through  NPTC  Gantry 

There  is  sufficient  space  in  the  gantry  to  include  beam 
position  and  profile  monitors  which  are  capable  of 
determining  and  correcting  the  beam  trajectory  angle  and 
position  to  the  required  tolerance  within  the  beam 
modification  elements  of  the  Nozzle.  This  tolerance  is 
basically  sub  millimeter  precision  at  the  location  of  the 
scatters  for  scattering,  or  at  the  isocenter  for  scanning. 
The  magnets  accept  a  momentum  spread  of  ±0.5%  AP/P. 

The  rotating  structure  utilizes  a  configuration  of  rings, 
truss,  and  shell  elements  to  support  the  magnets  in  a 
“space  frame”.  The  structure  is  stiff  and  engineered  to 
minimize  its  weight.  The  front  ring  is  axially  constrained. 
The  truss  elements  are  removable  for  ease  of  transport, 
assembly  and  possible  repair.  The  structure  is  supported 
on  both  rings  using  a  "wiffle-tree"  assembly.  Figure  5 
shows  a  schematic  view. 

Gantry  structure  parts  deflect  under  load  and  this 
deflection  varies  with  rotation  angle.  The  rings  deform 
and  the  nozzle  bends.  The  important  quantity  to  consider, 
since 
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Figure  5.  NPTC  Gantry  Layout 


beam  monitors  are  mounted  in  the  nozzle,  is  the  change  in 
the  beam  position  relative  to  the  ideal  isocenter  as  a 
function  of  gantry  rotation.  Figure  6  shows  the  results  of  a 
calculation  of  this  quantity  for  the  NPTC  gantry. 

VIL  COMPACT  GANTRY 

The  PSI  Gantry  design  [5]  results  from  the  special 
requirements  of  the  beam  at  PSI  and  a  general  intention  to 
design  a  gantry  for  potential  users  with  inadequate  space 
for  a  large  throw  gantry.  A  large  beam  phase  space  results 
from  degrading  the  beam  energy  significantly  (from  590 
MeV  to  between  270  and  85  MeV)  just  before  the  gantry. 
The  gantry  is  a  'compgcf  style  which  spans  a  diameter  of 
only  4m  and  is  designed  to  accommodate  the  spot 
scanning  technique  [5]  to  be  use  at  PSI.  The  end  of  the 
last  dipole  coincides  with  the  gantry  axis  of  rotation.  The 
patient  table  is  mounted  directly  on  the  front  wheel  of  the 


gantry  and  moves  with  the  gantry  to  keep  the  distance 
between  the  isocenter  and  gantry  axis  constant.  The  beam 
is  focused  to  achieve  unity  magnification  and 
achromaticity.  The  apertures  can  accommodate  up  to  ±1% 
AP/P.  There  are  seven  quadrupoles  in  this  system  to 
achieve  the  desired  conditions.  The  sweeper  magnet  is 
located  before  the  last  90  degree  dipole  and  is  the  limiting 
aperture  of  the  system.  Another  condition  requires  that 
the  scanning  magnet  to  output  optics  satisfy  point  to 
parallel  focusing.  This  results  in  a  near  infinite  effective 
SAD.  This  allows  the  distance  between  the  exit  of  the  last 
dipole  and  the  isocenter  to  be  minimized.  This  is 
achieved  using  pole  edge  rotations  on  the  last  dipole. 
Sextupole  aberrations  are  present  and  are  corrected  by 
introducing  sextupole  components  in  some  quadrupoles. 

VIIL  PATIENT  POSITIONER 

Although  not  described  in  this  paper,  the  patient 
positioning  system  is  very  important.  It  is  half  of  the 
overall  beam  delivery/positioning  system  and  potentially 
half  the  source  of  what  could  be  a  sub-mm  positioning 
error  budget.  A  system  approach  is  very  important;  it 
must  be  engineered  at  the  same  time  as  the  gantry. 
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ABSTRACT 

Conventional  alignment  techniques  and  special  straight 
line  alignment  techniques  are  reviewed  for  their  accuracy 
potential.  It  is  shown  that,  whereas  conventional  alignment 
methods  will  be  sufficient  to  achieve  start-up  conditions,  only 
special  straight  line  alignment  methods  can  compete  with 
beam  based  alignment  techniques. 

L  INTRODUCTION 

Next  Linear  Collider  type  accelerators  require  a  new  level 
of  alignment  quality.  The  relative  alignment  of  certain  parts 
of  these  machines  is  to  be  maintained  in  an  error  envelope 
dimensioned  in  nanometers.  Since  conventional  optical 
alignment  methods  cannot  approach  this  level  of  accuracy, 
special  alignment  techniques  must  be  pursued. 

11.  COMPONENT  PLACEMENT  TOLERANCES 

Component  placement  tolerance  specifications  define  the 
alignment  operation.  The  definition  of  these  tolerances  has 
changed  over  recent  years,  resulting  in  significantly  looser 
specifications.  At  the  same  time,  the  alignment  requirements 
of  NLC  type  machines  are  intrinsically  more  demanding, 
effectively  offsetting  these  reductions. 

The  available  space  here  does  not  allow  a  detailed 
discussion  of  all  parts  of  an  NLC  design.  While  the  following 
discussion  will  focus  on  the  main  linac  alignment,  most  of  it 
is  nontheless  directly  applicable  to  the  other  machine  parts. 


B.  NLC  Linac  Tolerances 

Alignment  tolerances  according  to  the  first  and  the  most 
recent  definitions  have  been  computed^  and  are  plotted  in 
Fig.  1.  The  first  curve  shows  the  placement  tolerances 


Quadrupole  Aii{piiTient  Tolerances 


Pis-  i-  Quadrupole  alignment  tolerances — running  conditions 

required  to  keep  dispersion  losses  under  a  tolerable  3%,  i.e. 
the  machine  would  operate  to  design  specifications.  The 
placement  requirements  for  adjacent  components  are  a  very 
tight  3  pm.  Fortunately,  the  tolerances  are  scale  dependent. 
The  most  stringent  placement  is  required  only  for 
components  within  about  160  m  of  the  point  of  investigation; 
further  downstream  the  tolerances  quickly  drop  off.  The 
second  curve  shows  the  tolerance  which,  if  exceeded,  would 
make  the  machine  uncorrectable.  Here,  we  see  the  same  scale 
dependency. 


A.  Definitions 

Originally,  alignment  tolerances  were  calculated  as  the 
offset  of  a  single  component  resulting  in  an  intolerable  loss  of 
luminosity.  This  seemed  a  reasonable  way  to  proceed  and 
immediately  gave  relative  sensitivities  of  component 
placement.  However,  this  method  had  two  flaws:  it  failed  to 
take  into  account  that,  firstly,  not  just  one  but  all  elements  are 
out  of  alignment  simultaneously,  and  secondly,  that 
sophisticated  orbit  and  tune  correction  systems  are  applied  to 
recover  the  lost  luminosity.  Permissible  alignment  errors, 
random  or  systematic,  under  these  more  realistic  assumptions 
are  much  harder  to  estimate  because  they  require  an 
understanding  of  all  conceivable  interactive  effects  that  go 
into  a  simulation  and  a  detailed  scenario  of  tuning  and 
correcting.  The  continued  increase  in  available  computing 
power  has  made  it  possible  to  calculate  the  simultaneous 
offsets  of  all  components.  Operating  experience  from  the 
present  generation  of  colliders  has  yielded  significant 
advances  in  orbit  tuning  and  correcting.  On  this  basis, 
alignment  tolerances  can  be  defined  as  the  value  of 
placement  errors  which,  if  exceeded,  make  the  machine 
uncorrectable.  Experience  with  higher  order  optical  systems 
has  shown  that  alignment  tolerances  derived  in  this  manner 
tend  to  be  about  an  order  of  magnitude  looser  than  before.^ 


III.  DATUM  DEFINITION 
Since  the  earth  is  spherical,  a  slice  through  an  equipotential 
surface,  i.e.  a  surface  where  water  is  at  rest,  shows  an  ellipse. 
For  a  project  the  size  of  an  NLC,  this  has  significant 
consequences. 

A,  Tangential  Plane  or  Equipotential  Surface 
Traditionally,  accelerators  were  built  in  a  tangential  plane, 
sometimes  slightly  tilted  to  accommodate  geological 
formations.  All  points  around  an  untilted  circular  machine  lie 
at  the  same  height  (Fig.  2),  but  a  linear  machine  such  as  the 
NLC  cuts  right  through  the  equipotential  iso-lines.  The 
center  of  a  30  km  linear  accelerator  is  17  m  below  the  end 


Fig.  2.  Effect  of  earth  curvature  on  linear  and  circular  accelerators 
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points.  To  alleviate  the  problems  one  could  build  the 
accelerator  on  more  than  one  plane,  e.g.  building  the  linacs 
and  the  final  focus/detector  section  on  three  separate  planes 
reduces  the  sagitta  to  1.9  m  (Fig.  3).  To  avoid  the  “height” 
difference  completely,  one  would  need  to  build  the  machine 
along  an  equipotential  surface. 


V 


Fig.  3.  Three  plane  lay-out 
B.  Lay-out  Discussion 

Since  most  surveying  instruments  work  relative  to  gravity, 
the  “natural”  solution  is  a  lay-out  which  follows  the  surface 
generated  by  equal  gravity,  the  equipotential  surface, 
although,  for  conventionahlignment  methods,  the  choice  of 
a  tangential  surface  adds  just  one  additional  correction.  The 
choice  of  lay-out  surface  does  have  a  major  impact  upon 
which  special  alignment  methods  can  be  used:  a  diffraction 
optics  Fresnel  plate  alignment  system  requires  a  straight  line 
of  sight,  but  a  hydrostatic  level  system  can  not  accommodate 
height  differences  of  more  than  a  few  centimeters. 

IV.  CONVENTIONAL  SURVEY  AND 
ALIGNMENT  TECHNIQUES 
Conventional  alignment  techniques  are  well  understood 
and  have  been  successfully  applied  in  the  alignment  of 
accelerators  such  as  HERA,  LEP  and  SLC. 


A.  Procedure 

A  conventional  alignment  is  usually  a  6  step  process: 

L  Surface  Survey  Network  A  survey  coordinate  system  is 
established  on  the  surface  and  represented  by  control 
monuments  to  control  scale  and  global  positioning. 

2.  Transfer  of  Reference  into  Tunnel  Scale  and  datum  are 
transfered  into  the  tunnel  by  sighting  through  vertical  shafts 
(penetrations). 

3.  Tunnel  Network  A  tunnel  survey  reference  network  is 
established  integrating  the  transfer  points  (Fig.  4).  It  is 
usually  represented  by  floor  or  wall  monuments. 


4.  Absolute  Alignment  All  components  are  laid  out  and 
aligned  in  respect  to  the  tunnel  reference  points. 

5.  Relative  Alignment  A  smooting  procedure  is  carried  out 
to  improve  the  relative  positioning  of  adjacent  components. 

6.  Quality  Control  Mapping  A  final  mapping  survey 
verifies  the  achieved  alignment  quality. 


B.  Equipment 

The  conventional  survey  and  alignment  equipment  has 
greatly  advanced  over  the  last  10  years:  electronic  theodolites 
with  a  resolution  of  2  prad  have  become  standard;  gyro- 
theodolites  can  rapidly  determine  an  azimuth  with  a 
resolution  of  5  prad;  Electronic  Distance  Meters  have 
increased  in  resolution  (100  pm/ 100  m)  and  significantly 
shrunk  in  size,  allowing  their  integration  into  the  telescope  of 
a  theodolite  to  form  a  tacheometer;  levels  have  at  long  last 
become  digital;  GPS  (±  4  mm/30  km)  has  revolutionized 
surface  net  measurements;  laser  trackers  allow  on-line 
monitoring  of  an  alignment  process  with  a  resolution  of 
15  pm  over  10  m. 

C.  Measurement  Quality  Estimate 

To  estimate  what  alignment  accuracy  could  be  achieved  in 
a  conventional  alignment  procedure,  the  process  as  outlined 
in  A.  using  equipment  with  the  resolutions  specified  in  B.  has 
been  simulated.  Fig.  5  shows  the  resulting  tolerance  curve. 
As  one  can  see  here,  conventional  alignment  can  support  the 
ab  initio  alignment  requirements  but  not  the  running 
tolerance  requirements. 

Alignment  Tolerance 
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Quadrupole  alignment  tolerances  vs.  alignment  accuracy 

V.  SPECIAL  ALIGNMENT  SYSTEMS 

The  conventional  alignment  accuracy  can  be  improved  by 
adding  alignment  systems  to  the  measurement  plan  which  are 
optimized  for  the  measurement  of  the  critical  dimension.  The 
key  element  of  any  of  these  alignment  shemes  is  to  generate  a 
straight  line  reference.  Fig.  6  gives  an  overview  of  straight 
line  reference  systems  categorized  by  working  principle.^ 
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A.  Mechanical  Reference  Line 

A  stretched  wire  is  used  to  represent  a  straight  line.  While 
in  the  horizontal  plane  a  wire  projects  to  a  first  order  a 
straight  line,  in  the  vertical  plane  it  follows  a  hyperbolic 
shape  due  to  gravitational  forces.  The  deviation  from  a 
straight  line  in  the  vertical  is  a  function  of  the  wire’s  weight 
per  unit  length,  wire  length  and  tension.  A  45  m  spring  steel 
wire  with  0.5  mm  diameter  under  a  maximum  tension  has  a 
sagitta  of  about  6  mm.  A  comparable  wire  made  of  a  silicon- 
carbide  material"^  which  has  the  same  tensile  strength  but  at 
only  one  tenth  of  the  spring  steel’s  weight  per  unit  length, 
creates  a  sagitta  of  only  0.6  mm.  For  very  accurate 
measurements,  deviations  of  a  wire  from  a  straight  line  in  the 
horizonatal  plane  must  also  be  considered.  These  deviations 
are  created  by  internal  bending  moments  caused  by  molecular 
stress  of  the  material.  The  bending  moments  can  be  reduced 
to  negligible  size  by  heat-treating  the  wire  or  by  stretching  it 
into  the  yield  range. 

L  Optical  Detection  At  LLNL,  a  GaAs  infrared  emitting 
diode  illuminating  a  silicon  phototransistor  across  a  2.5  mm 
gap  combination  was  used  to  measure  the  deflection  of  a  wire 
in  an  electro-magnetic  field.^  This  set  up  was  part  of  a  system 
to  align  the  solenoid  focus  magnets  on  the  ETA-II  linear 
induction  accelerator.  To  stabilize  drift  problems,  the 
phototransistor  was  replaced  with  CdS  photoconductors.^  The 
resolution  proved  better  than  1  pm.  A  portable  offset 
measurement  device  developed  at  CERN,  the  EcartometerJ 
uses  a  differential  diode  to  center  a  carriage  under  the  wire. 
The  centering  accuracy  is  better  than  20  pm.  The  SLAG 
LANI  (Linac  AligNment  Instrument)  is  also  a  portable 
device  designed  to  measure  offsets  in  reference  to  a  Kevlar 
wire  applying  the  CCD  based  light  shadow  technique  (Fig. 
7).®  Offests  within  2  mm  range  can  be  measured  to  ±  10  pm. 
The  LPG  10  G  sensor  uses  the  same  principle  of  operation;  it 
can  simultaneously  measure  the  diameter  of  the  wire  and  its 


2.  Electrical  Detection  Electrical  pick-ups  use  inductive 
or  capacitive  techniques  to  measure  the  wire  position.  A  very 
simple  inductive  system  was  developed  at  KEK  to  support  the 
alignment  of  the  ATF  linac.  The  reference  wire  carries  a 
60  kHz  signal  which  is  picked  up  by  two  coils  on  either  side 
of  the  wire  (Fig.  S)}^  The  differential  signal  is  a  measure  for 
the  relative  wire  position.  The  accuracy  over  the 
measurement  range  of  5  mm  is  better  than  ±  30  pm.  The 
system  developed  by  DESY  for  SLAC  (Fig.  9)  transmits  a 
140  MHz  signal  over  the  wire  which  is  received  by  the  wire 
position  monitor  antenna  strips.  The  relative  signal  from 
diametrically  opossing  antennas  is  a  measure  of  the  wire 
position.  The  system  is  bi-axial,  has  a  range  of  2  mm,  and  at 
8  mm  object  distance  provides  long  term  position  accuracies 


of  better  than  ±  1  pm.'^  Another  inductive  sensor  was 
developed  for  the  position  monitoring  of  detector  components 
(Fig.  10),^^  but  could  be  used  also  for  wire  alignment  systems. 
The  wire  carries  pulsed  signals  which  induce  charges  on  the 
board  strips.  The  strips  are  50  mm  long  and  1  mm  wide.  The 
centroid  of  the  distribution  gives  the  horizontal  position  with 
respect  to  the  strip  board  while  the  width  of  the  distribution 
provides  information  on  the  vertical  coordinate.  An  accuracy 
of  better  than  ±  3  pm  over  8  mm  has  been  demonstrated. 
ESRF  and  CERN,  in  collaboration  with  the  French  company 
Fogale  Nanotech,  have  developed  capacitive  sensors.  The 
CERN  sensor  is  bi-axial  and  resolves  the  wire  position  over  a 
range  of  2.5  mm  to  ±  1  pm. 

B.  Optical  Reference  Line 

L  Optical  Axis  Reference  The  optical  axis  is  the  reference 
line  to  which  components  are  positioned  using  traditional 
alignment  instruments.  Alignment  telescopes  can  support  the 
manual  alignment  of  components  to  about  ±  50  pm.  If  higher 
accuracies  are  required,  like  for  the  relative  positioning  of 
two  accelerator  structures  on  a  single  strong-back  to  ±  3  pm, 
electro-autocollimation  is  very  well  suited.  The  principle 
observable  of  this  method  is  the  differential  tilt  of  a  section  of 
test  object  in  respect  to  the  optical  axis  (Fig.  11).  An 
integration  over  the  differential  tilts  yields  the  deviations 
from  straightness.  These  measurements  are  usually  bi-axial. 
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2.  Laser  Beam  Reference  In  its  simplest  form,  a  laser 
beam  images  a  spot  on  a  PSD,  QD  or  CCD  array,  allowing  a 
direct  position  read-out  to  few  pm.  The  relative  motion  of 
adjacent  girders  in  the  KEK  ATF  is  monitored  by  a 
laser/PSD  combination.  A  diode  laser  beam  is  split  into  two 
arms,  each  creating  a  signal  on  a  PSD.  A  relative  girder 
motion  results  in  two  displacement  vectors.  Their  analysis 
yields  three  translations  and  roll.*^  To  compensate  for 
instabilities  of  the  laser,  reference  position  detectors  allow 
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differential  measurements  (Fig.  12).  In  a  different  approach, 
the  laser  beam  is  split  in  a  special  optical  component  (Fig. 
13)  into  two  beams  such  that  direction  changes  of  the 
original  beam  affect  the  two  beams  in  opposite  ways,  thereby 
compensating  the  instability.  This  method  yields  a 
resolution  of  200  nm  over  10  m  if  refraction  is  controlled. 
Slightly  less  accurate  are  measurements  relying  on  the 
comparison  of  light  intensities.  In  this  method,  a  reference 
laser  beam  is  split  into  two  beams  of  equal  intensity.  These 
two  beams  are  split  again  in  the  straightness  sensor  into  4 
beams  (Fig.  14).  The  split  ratio  is  a  function  of  the  position  of 
the  straightness  sensor  in  respect  to  the  reference  line  which 
is  the  symmetry  axis  of  the  initial  two  beams.  A  receiver 
measures  and  compares  the  intensity  of  the  beams  on  both 
sides  of  the  symmetry  axis  and  converts  the  intensity 
difference  into  a  metric  offset.  The  offset  accuracy  is  within 
±  15  |im  over  10  m.  Total  range  is  up  to  40  m. 
Interferometric  straightness  measurements  are  inherently 
more  accurate  and  are  in  the  same  accuracy  domain  as 
autocollimation  measurements. 

3.  Diffraction  Optics  Reference  While  the  above  methods 
are  well  suited  for  short  to  medium  ranges,  diffraction  optics 
methods  can  provide  a  straight  reference  line  over  kilometers, 
e.g.  the  SLAC  Linac/FFTB  Alignment  System.^^*^^  The 
reference  line  of  a  Fresnel  system  is  defined  by  the  pin  hole 


Fiz.  15.  Fresnel  alignment  system 


and  the  center  of  the  detector  plane  (Fig.  15).  The  Fresnel 
zone  plate  (Fig.  16)  focuses  the  diffuse  light  onto  the 
detector,  forming  an  interference  pattern  (Fig.  17).  The 
design  parameters  of  the  zone  plates,  size,  width  of  strips, 
and  gaps,  are  a  function  of  the  wavelength  of  the  light  source, 
image  and  object  distances,  and  resolution.  Only  one  Fresnel 
lens  can  be  in  the  light  path  at  any  time.  To  incorporate  more 
monitor  stations  into  the  system,  the  zone  plates  must  be 
mounted  on  hinges  so  that  actuators  can  flip  the  plates  in  and 
out  of  the  light  path.  Since  refraction  would  distort  the  fringe 
images  to  noise,  the  light  path  must  be  in  a  vacuum  vessel. 
The  FFTB  alignment  system’s  Fresnel  zone  plates,  which,  as 
an  extension  to  the  linac  alignment  system,  are  about  3.2  - 
3.4  km  from  the  detector,  can  resolve  the  motion  of  a  zone 
plate  to  5  pm. 


Fig.  17.  Hinged  fresnel  zone  plate 


Another  method  of  generating  the  straight  line  reference  by 
diffraction  is  the  Poisson  line.^^  An  opaque  sphere 
illuminated  by  a  plane  wave  generates  a  diffraction  pattern 
behind  the  sphere.  This  pattern  can  be  observed  by  placing  an 
observation  screen  or  camera  in  any  plane  behind  the  sphere. 
The  Poisson  reference  line  passes  through  one  fixed  point, 
the  center  of  a  sphere.  The  second  point  is  formed  by 
centering  the  Poisson  spot  on  a  quadcell  in  the  detection 
plane,  using  a  feedback  circuit  between  the  quadcell  and  the 
mirror  that  actively  steers  the  incident  plane  wave.  An 
advantage  of  the  Poisson  sheme  is  the  possiblility  to  place 
several  spheres  simultaneously  into  a  very  large  diameter 
beam.  More  spheres  can  be  incorporated  by  mounting 
individual  spheres  to  hinged  frames  similar  to  the  Fresnel 
system,  so  as  to  measure  different  sets  of  spheres. 


C.  Gravity  as  Reference 

A  surface  of  equal  “gravity”  on  which  every  point  is  the 
same  height  is  called  an  equipotential  surface.  A  hydrostatic 
level,  in  which  an  enclosed  body  of  fluid  conforms  to  an 
equipotential  surface,  is  a  very  accurate  tool  to  transfer  a 
height  from  one  point  to  another  or  to  monitor  height 
changes.  Systems  are  available  in  different  flavors:  with 
optical,  mechanical  or  electrical  sensors;  manual  or 
computerized;  with  different  fluids — water,  oil,  or  mercury; 
portable  or  stationary.  ESRF  has  developed  a  hydrostatic 
level  system  for  on-line  monitoring  of  magnet  height  changes 
(Fig.  18).  To  monitor  the  water  level  the  system  uses 
capacitive  proximity  gages  interfaced  to  a  control  system.  If 
significant  height  changes  have  been  determined,  the  control 
computer  activates  motorized  jacks  to  compensate  for  the 
changes.  Measurement  accuracies  of  ±  5  pm  over  1  km  have 
been  reported. 


Fig.  18.  ESRF  Hydrostatic  Level  System 


D.  Error  Propagations  with  Additional  Systems 
1.  Stretched  Wire  For  the  purpose  of  estimating  the  error 
propagation  of  a  wire  system  over  the  length  of  a  possible 
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Fig.  19.  Double-wire  lay-out 


NLC  linac  the  lay-out  as  sketched  in  Fig.  19  was  assumed.  A 
double  overlapping  wire  arrangement  is  necessary  since  it 
was  found  that  in  order  to  preserve  a  position  survey  accuracy 
of  ±  5  pm  the  wire  length  must  not  exceed  100  m.  Fig.  20 
shows  the  resulting  error  estimates.  The  present  wire  curve  is 
based  on  propagating  linearly  the  FFTB  wire  accuracy  to  a 
length  of  100  m.  It  is  encouraging  to  see  that  an  existing 
technology  is  almost  able  to  support  the  operations  tolerance. 
The  improved  wire  curve  assumes  that  it  will  be  possible  to 
achieve  the  present  FFTB  wire  accuracy  for  a  100  m  long 
wire.  This  system  would  be  able  to  fully  support  the 
alignment  needs. 


Quadrupole  AJIgnment  Tolerance 
vs 

Wire  Allgninent  Accuracy 


Fig.  20,  Wire  alignment  accuracies 


2.  Hydrostatic  Level  System  To  simulate  the  effect  of 
supporting  the  alignment  with  a  hydrostatic  level  system,  two 
cases  need  to  be  considered.  If  the  machine  would  be  built  on 
a  tangential  plane,  one  hydrostatic  level  system  cannot 
accomodate  the  heightdifference.  Therefore,  the  simulation 
assumes  individual  500  m  long  sections  set  up  like  a  stair. 
The  second  case  assumes  an  equipotential  surface  as 
reference  plane  allowing  one  continous  system.  Fig.  21  shows 
the  simulation  results. 
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Fig.  21.  Hydrostatic  alignment  accuracies 


SUMMARY 

Although  the  NLC  requires  alignment  tolerances  an  order 
of  magnitude  tighter  than  required  for  existing  machines, 
results  from  a  conventional  alignment  will  be  sufficient  to 
make  the  NLC  correctable.  It  was  shown  also  that  more 
sophisticated  alignment  systems  can  very  likely  accomodate 
the  operational  requirements.  While  the  beam  itself  is  the 
ultimate  judge  of  alignment,  beam  based  alignment  requires 
costly  beam  time.  To  maximize  luminosity,  the  investment  in 
more  sophisticated  alignment  tools  may  well  pay  off. 
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RELIABILITY  OF  THE  LEP  VACUUM  SYSTEM: 
EXPERIENCE  AND  ANALYSIS 

P.M.  Strabin,  J.-P.  Bojon,  CERN,  CH-1211  Geneva  23,  Switzerland 


I.  INTRODUCTION 

The  LEP  vacuum  system  extends  over  26  km  and  consists 
of  more  than  6000  chambers,  bellows,  valves  and  special 
equipment.  Adding  the  various  pumps  and  gauges,  a  total  of 
13000  gaskets  is  required  to  mount  all  equipment.  Hence,  it  is 
the  largest  vacuum  system  ever  built  for  an  accelerator. 

The  major  part  of  the  vacuum  system,  mainly  in  the 
bending  arcs,  is  made  of  extruded  aluminium  chambers, 
connected  together  by  means  of  stainless  steel  bellows  to  cope 
with  thermal  expansion  and  adjustment  of  mounting 
tolerances.  Aluminium  gaskets  are  used  on  so  called  LEP  type 
flanges.  This  part  of  the  vacuum  system  is  pumped  by  Non 
Evaporable  Getter  pumps  [1]  (NEG),  with  additional  sputter 
ion  pumps;  it  is  limited  to  a  bake  out  temperature  of  150°C. 
The  remaining  part,  refered  to  as  the  straight  sections,  is  made 
out  of  stainless  steel  chambers  and  bellows,  connected  using 
copper  gaskets;  it  is  hence  baked  to  300°C.  This  part  of  the 
vacuum  system  is  pumped  by  sputter  ion  pumps  and  titanium 
sublimation  pumps.  The  special  equipment,  like  accelerating 
cavities  or  electrostatic  separators,  is  also  installed  in  the 
straight  sections.  The  vacuum  system  is  split  into  manageable 
sectors  by  means  of  sector  valves.  The  length  of  these  sectors 
can  vary  between  a  few  metres  and  474  metres.  A  detailed 
description  of  the  vacuum  system  of  LEP  can  be  found  in 

[2,3]. 

The  procedures  for  all  interventions,  in  particular  leak 
detection,  bake-out  and  commissioning,  are  of  utmost 
importance  for  the  global  reliability  of  the  vacuum  system  and 
will  be  detailed  in  this  paper. 

As  important  for  the  global  reliability  are  the  power 
supplies  and  the  remote  control  of  the  various  equipment  of 
the  vacuum  system.  A  careful  initial  design  [4]  and  preventive 
maintenance  are  the  keys  for  it  and  will  be  described  in  this 
paper  too. 

11.  STATISTICS 

LEP  operation  started  in  July  1989.  At  that  time,  a  small 
number  of  leaks  had  been  sealed  with  varnish  after  the  initial 
bake-out  and  commissioning,  as  they  were  considered  small 
enough  so  as  not  to  justify  a  repair.  Table  1  summarises  these 
leaks  and  represents  the  actual  starting  point  for  our  statistics. 

The  choice  to  varnish  these  leaks  was  fully  justified,  as 
none  of  them  opened  up  until  now  or  before  a  proper  repair 
could  be  scheduled.  A  small  number  of  additional  leaks  have 
nevertheless  developed  over  the  years.  Table  2  summarises 
them. 


Table  1:  varnish  sealed  leaks  at  startup  in  1989 


Components 

Quantity 

installed 

Number  of 
leaks  sealed 

% 

NEG  feedthrough 

3768 

7 

0.2 

Ion  pump  feedtrough 

1346 

3 

0.2 

PU  electrode 

1712 

6 

0.4 

A1  gasket,  0  225 

5374 

2 

0.04 

A1  gasket,  0  113.5 

7616 

13 

0.2 

Bellows 

2649 

5 

0.2 

Weld  on  A1  chamber 

2588 

1 

0.04 

Table  2:  leaks  that  have  developed  since  1989 


Year 

Date 

Sector 

Leak 

rate 

Torr  1  /  s 

Comments 

1989 

7/8 

361 

1  *  10-5 

Corrosion  on  a  pump  feed¬ 
through,  LEP  not  delayed 

21/9 

370 

1  *  10-4 

Corrosion  on  a  pump  feed¬ 
through,  LEP  not  delayed 

1990 

4/7 

259 

10 

RF  window  broken  at  the 
end  of  a  technical  stop, 

LEP  not  delayed 

1991 

15/5 

240 

1 

o 

* 

Porosity  on  an  RF  cavity 
field  probe  ceramic,  LEP 
not  delayed 

21/5 

170 

1  *  10-4 

Leak  on  a  weld  of  an 
aluminium  chamber,  start¬ 
up  delayed  by  2  days 

4/10 

850 

1  *  10-5 

Leak  on  the  experimental 
chamber  for  Delphi,  LEP 
stopped  for  10  days 

1992 

29/3 

661 

1 

Large  leak  on  an  RF 
window,  start-up  delayed 
by  2  days 

1993 

14/7 

241 

10 

RF  window  broken  at  the 
end  of  a  technical  stop, 

LEP  not  delayed 

1994 

4/5 

258 

1  *  10-"^ 

Leak  on  a  bellows,  LEP 
not  delayed 

8/6 

242 

1  *  10-7 

Leak  on  a  beam 
observation  electrode, 

LEP  not  delayed 

31/8 

660 

* 

o 

1 

Porosity  on  an  RF  cavity 
field  probe  ceramic,  LEP 
not  delayed 

It  is  important  to  point  out  that  LEP  was  only  delayed 
twice  ,  and  stopped  once,  due  to  vacuum  over  more  than  5 
years  of  operation.  This  very  high  reliability  could  only  be 
achieved  by  the  strict  application  of  precise  procedures  during 
every  intervention.  These  procedures  will  be  detailed  below. 
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III.  LEAK  DETECTION 


Leak  detection  can  be  done  at  two  different  periods:  when 
an  intervention  on  the  vacuum  system  is  scheduled  or  during 
short  interruptions  of  operation. 

In  the  first  case,  residual  gas  analysers  are  used  in  place  of 
the  more  common  helium  leak  detector.  This  allows  for  a 
tenfold  increase  in  the  sensitivity  and,  hence,  again  in  the 
smallest  detectable  leaks.  Leaks  in  the  10'^^  Ton  1/s  are 
routinely  found  with  this  technique. 

During  short  intenuptions  of  operation,  the  sensitivity  is 
reduced  to  10"^  Ton  1/s  where  the  sputter  ion  pumps  are  used 
to  measure  the  pressures,  10"^  Ton  1/s  being  possible  where 
Bayard- Alpert  gauges  are  installed. 

A:  Detection  during  interventions 

1  Detection  before  opening  a  vacuum  sector 

A  global  leak  detection  using  residual  gas  analysers  is 
done  on  every  vacuum  sector  which  has  to  be  opened  for 
modifications  or  repairs.  Every  leak  is  registered  and 
will  be  repaired  while  the  sector  is  at  atmospheric 
pressure.  Previously  varnish  sealed  leaks  will  also  be 
repaired.  This  is  required  because  the  varnish  used, 
although  very  reliable  at  room  temperature  and  in 
presence  of  radiation,  is  not  intended  to  be  baked. 

2  Detection  before  bake-out 

A  second  global  leak  detection  using  residual  gas 
analysers  is  done  after  a  sector  has  been  pumped  down 
and  is  ready  for  bake-out.  If  at  this  stage,  leaks  are 
found,  they  will  be  repaired,  not  vamish  sealed. 

3  Detection  after  bake-out  and  commissioning 

A  final  global  leak  detection  using  residual  gas  analysers 
is  made  after  the  bake-out  and  conditioning  procedures, 
at  room  temperature.  If  a  leak  is  found  at  this  stage  it 
will  be  vamish  sealed  provided  it  is  smaller  than  10"^ 
Torr  1/s  in  order  to  avoid  an  additional  bake-out.  In  case 
of  larger  leaks,  a  proper  repair  will  be  done,  implying  the 
complete  repetition  of  the  procedure:  venting,  repair, 
pump  down,  bake-out  and  commissioning. 

B:  Detection  during  short  interruptions  of  operation 

If  a  leak  is  detected  either  by  the  sputter  ion  pumps  or  the 
ionisation  gauges,  a  leak  detection  using  these  elements  is 
made.  The  leak  is  then  vamish  sealed  and  carefully  registered, 
to  be  repaired  during  the  next  intervention  in  the  sector. 


IV.  BAKE-OUT  AND  COMMISSIONING 

A  complete  procedure  involves  a  24  hour  bake-out  and 
what  is  referred  to  as  commissioning:  flashing  of  the  sputter 
ion  pumps,  degassing  of  the  ion  gauges  and  sublimation 
pumps  and  activation  of  the  NEG  pump.  Figure  1  illustrates  a 
typical  bake-out  cycle  with  NEG. 


Time  (hour) 


Figure  1:  Typical  bake-out  cycle  with  NEG 


A:  Bake-out 

Optimised  bake-out  procedures  are  very  important  for  the 
overall  reliability  of  the  vacuum  system.  A  precise 
temperature  control,  including  control  of  gradients,  is 
necessary.  Figure  2  shows  the  typical  temperatures  recorded 
at  various  points  of  an  aluminium  vacuum  chamber  and  an 
adjacent  stainless  steel  bellows.  The  chamber  is  heated  by 
circulating  pressurised  hot  water  in  its  cooling  channels.  No 
additionnal  heating  is  provided  for  the  bellows  and  the 
flanges,  in  order  to  simplify  the  bake-out  equipment.  It  can  be 
seen,  that  although  the  main  part  of  the  chamber  is  at  150°C, 
the  flanges  and  the  bellows  are  at  lower  temperature  This 
reduced  temperature  has  no  influence,  however,  on  the  end 
pressure  but  it  increases  the  reliability  by  reducing  the  risk  of  a 
leak  on  the  gasket. 

150"C 


110“C 

Figure  2:  temperature  distribution  on  A1  chambers 

Special  care  is  taken  for  the  larger  vacuum  vessels,  such 
as  the  electrostatic  separators.  The  temperature  gradients  are 
limited  to  20°C  per  hour,  in  order  to  avoid  tempearature 
differences  on  the  large  flanges. 

Another  delicate  component  is  the  sector  valve  where 
leaks  have  developed  across  the  seal  when  there  was  an 
excessive  temperature  gradient  on  the  body  of  the  valve. 
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B:  activation  of  the  NEG  pump 

The  activation  of  the  NEG  pump  is  one  of  the  most 
critical  operation  during  the  commissioning.  The 
feedthroughs  are  at  their  limit  of  current  handling  and  their 
temperature  increases  to  200°C  when  90  A  are  fed  into  the 
NEG  ribbon.  Before  every  activation,  the  current  leads  are 
tested  for  correct  tightness,  A  loose  connection  would 
inevitably  provoke  overheating  of  the  feedthrough  and  could 
produce  a  leak.  This  would  destroy  the  NEG  pump  which  will 
bum  with  the  oxygen  entering  the  vacuum  chamber.  Residual 
gas  analysers,  scanning  around  mass  40  (Ar,  which  is  not 
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pumped  by  the  NEG),  are  used  as  an  interlock  to  the  NEG 
power  supply 

V.  PRE-TESTING  OF  THE  EQUIPMENT  IN  THE 
LABORATORY 

Every  single  component  of  the  vacuum  system  is 
completely  tested  in  the  laboratory  prior  to  installation  in  the 
LEP  accelerator.  This  means  a  full  bake-out  and  the 
measurement  of  the  ultimate  pressure  and  gas  composition. 
By  doing  so,  not  only  can  we  detect  manufacturing  defects, 
like  faulty  welds,  but  we  also  make  sure  that  the  equipment  is 
really  clean.  As  an  example,  if  a  pick-up  electrode  with  traces 
of  oil  was  mounted  in  a  long  sector,  up  to  474  metres  of 
vacuum  system  could  be  irremediably  polluted  and  would 
have  to  be  completely  taken  apart  to  be  cleaned.  Therefore, 
the  testing  of  the  equipment  in  the  laboratory  is  also 
considered  as  a  preventive  maintenance  activity. 

VL  PREVENTIVE  MAINTENANCE 
OPERATIONS 

A:  Sputter  ion  pumps 

The  feedthroughs  of  the  sputter  ion  pumps  are  heated  with 
a  low  power  heating  collar  in  order  to  keep  them  free  from 
moisture.  At  regular  intervals  the  feedthroughs  are  visually 
inspected,  but  so  far  traces  of  corrosion  have  only  been 
observed  on  three  occasions,  with  the  notable  addition  of  two 
pumps  on  to  which  water  had  dropped.  There  is  a  significant 
accumulation  of  dust  on  them,  however,  and  it  will  soon  be 
necessary  to  clean  them  systematically  in  order  to  avoid 
leakage  currents. 

Global  data  logging  and  retrival  programs  play  an 
important  role  for  early  detection  of  either  pressure  rises 
indicating  leaks,  or  deterioration  of  the  quality  of  the 
feedthroughs. 

B:  Power  supplies  for  the  Sputter  Ion  Pumps 

Because  up  to  six  pumps  are  powered  from  one  supply  [4] 
(to  save  in  cabling  costs),  the  reliability  of  these  power 
supplies  is  vital.  Furthermore,  they  are  used  as  interlock 
source  for  the  sector  valves  and  all  special  equipment,  such  as 
accelerating  cavities  and  electrostatic  seperators.  The  power 
supplies  generate  5.6  kV  and  hence  attract  a  lot  of  dust.  They 
are  cleaned  every  second  year  in  order  to  prevent  leakage 
currents  around  the  high  voltage  transformer  and  leads.  This 
proves  to  be  sufficient,  as  there  was  no  failure  due  to  a  faulty 
high  voltage  generator.  The  next  critical  elements  are  the  high 
voltage  connectors  of  the  cables.  There  have  been  a  few 
failures  on  the  tunnel  side,  most  likely  due  to  humidity. 
However,  because  individual  pumps  are  decoupled  from  each 
other  by  a  high  resistance  cable,  a  single  failure  does  not  affect 
the  average  pumping  speed  to  much.  There  is  a  problem  for 
the  individual  current  measurement  devices,  however,  when 
such  a  failure  occurs. 


C:  Interlock  relays 

A  potential  problem  for  reliability  are  relays  in  the 
various  interlock  chains.  Some  critical  systems,  like  the 
accelerating  cavities,  require  that  all  256  sputter  ion  pumps 
give  a  good  interlock  to  allow  for  operation.  Because  of  the 
good  overall  reliability  of  the  vacuum  system  and  of  the  power 
supplies,  these  relays  are  rarely  actuated  and  their  contacts 
degrade  with  time.  Most  modem  relays  have  so  called  self¬ 
cleaning  contacts,  but  they  require  to  be  actuated.  Therefore, 
all  interlock  relays  are  systematically  operated  three  of  four 
times  a  year,  to  insure  the  self-cleaning  process  By  doing  so, 
we  can  ensure  correct  operation  of  the  accelerator,  leading  to 
an  average  of  two  to  three  short  interruptions  (less  than  an 
hour)  per  year. 

D:  Sector  valves 

The  sector  valves  are  routinely  closed  during  access  to  the 
LEP  tunnel  ring,  for  security  reasons.  The  most  frequent 
reasons  due  to  vacuum  for  a  delay  in  startup  after  an  access  is 
that  some  valve  does  not  operate  properly,  in  particular  does 
not  reach  its  completely  opend  state.  Unfortunately,  there  is 
no  efficient  way  to  improve  this  situation.  Preventive 
maintenance  is  limited  to  a  careful  adjustement  of  the  position 
switches  whenever  a  problem  is  suspected. 

VIL  CONCLUSIONS 

By  carefully  testing  all  vacuum  components  in  the 
laboratory  prior  to  installation  in  the  LEP  accelerator,  we 
detect  and  eliminate  manufacturing  problems  and,  most 
important,  garantee  that  the  equipment  is  absolutely  clean  for 
an  ultra-high  vacuum  operation. 

Performing  systematic  leak  detection  with  residual  gas 
analysers  for  maximum  sensitivity,  allows  us  to  repair  all 
leaks,  even  very  small  ones,  before  the  bake-out  and 
commissioning.  As  important  is  a  systematic  record  of  all 
known  leaks  for  future  repairs. 

Several  preventive  actions,  like  testing  of  NEG  and  pump 
feedthroughs,  are  also  considered  to  improve  the  overall 
reliability  of  the  LEP  vacuum  system. 

Similarly,  preventive  maintenance  of  high  voltage 
supplies  and  some  special  actions  for  interlock  relays  provides 
for  a  reliable  operation  of  the  vacuum  controls. 

All  added  together  and,  last  but  not  least,  thanks  to  the 
very  high  skill  of  both  CERN  and  industrial  support  staff,  we 
can  insure  a  smooth  running  of  the  LEP  vacuum  system. 
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Abstract 

The  electron  beam  lifetime  in  the  HERA  storage  ring  is  not  only 
uniformly  lower  than  the  positron  beam  lifetime,  but  the  electron 
beam  lifetime  curves  display  complicated  structures  not  present 
in  the  smoothly  behaved  positron  beam  lifetime  curves.  Sum¬ 
maries  of  characterising  quantities  are  presented  for  large  num¬ 
bers  of  runs  in  1993  and  1994,  enabling  the  identification  of 
trends  in  the  beam  lifetime  behaviour. 

The  lifetime  reduction  seems  to  be  due  to  many  discrete  life¬ 
time  reduction  events.  The  lifetime  achieved  at  given  current  de¬ 
pends  in  a  complicated  (and  stochastic)  manner  on  the  filled  cur¬ 
rent,  energy  and  integrated  ion  getter  pump  voltage.  The  proper¬ 
ties  of  the  lifetime  problem  are  overwhelmingly  consistent  with 
the  capture  of  material  by  the  electron  beam  (most  likely  dust 
particles  of  size  0.1-ljLtm)  which  -  being  then  highly  positively 
charged  -  scatters  beam  electrons.  The  source  of  this  material, 
or  the  mechanism  of  its  liberation  from  the  chamber  or  pump 
walls,  is  not  entirely  understood. 

Moves  towards  curing  the  electron  beam  lifetime  problem  are 
discussed. 


Figure  1.  The  current  in  mA  (left  scale)  and  and  lifetime  in 
hours  (right  scale)  for  a  typical  HERA  e”and  e"*'runs  is  shown. 
It  is  clear  that  the  beam  lifetime  behaviour  for  electrons  departs 
from  that  expected  due  to  residual  gas  alone. 


1.  INTRODUCTION 

The  lifetime  r  of  a  particle  beam  of  current  i  at  any  instant  is 
given  by  the  local  exponential  decay  law  dz’/dt  =  —i/r.  The 
lifetime  of  leptons  in  the  storage  ring  HERA  is  expected  to  be 
limited  by  bremsstrahlung  from  residual  gas,  and  is  expected  to 
increase  smoothly  with  reduced  current,  i.e.with  reduced  syn¬ 
chrotron  radiation  induced  gas  desorption. 

In  August  1994  positron  operation  was  introduced  at  HERA, 
with  a  notable  improvement  in  the  beam  lifetime.  Similarly,  for 
the  DORIS  storage  ring  the  switch  from  electron  to  positron  op¬ 
eration  in  March  1994  yielded  a  significant  improvement  in  the 
operation.  In  Fig.  1  we  see  examples  of  electron  and  positron 
runs  from  HERA.  Unexpected  jumps  and  variations  can  be 
clearly  seen  in  all  electron  lifetime  curves,  whereas  the  smooth 
lifetime  behaviour  for  positrons  is  determined  by  residual  gas. 
"^This  limitation  of  the  electron  lifetime  is  known  as  the  electron 
beam  lifetime  problem,  and  is  believed  to  occur  in  certain  other 
electron  machines  in  a  similar  manner. 

We  present  here  a  brief  summary  of  the  major  symptoms  and 
properties  of  the  problem  in  HERA,  and  discuss  moves  towards 
its  cure.  For  an  extensive  investigation  and  interpretation  of 
HERA  lifetime  curve  data  see  [1],  [2].  For  a  discussion  of  sim¬ 
ulations  of  the  dynamic  and  thermal  stability  of  dust  particles 
of  various  composition  trapped  in  the  HERA  electron  beam  see 
[3],  [4]. 

11.  CHARACTERISTICS  OF  THE  PROBLEM 

In  Fig.  2  the  run-by-run  sequence  of  HERA  electron  and 
positron  beam  lifetimes  from  March  1994  to  August  1994  are 


shown  at  various  beam  currents.  The  positron  runs  were  very 
smooth,  and  the  lifetimes  achieved  from  one  run  to  another  were 
very  reproducible;  variations  in  the  positron  lifetimes  are  almost 
entirely  due  to  variation  in  chamber  pressure  during  a  vacuum 
pump  assessment  programme.  The  electron  lifetimes,  however, 
are  much  poorer,  and  vary  greatly  both  within  each  run  and  from 
run  to  run.  A  satisfactory  explanation  of  the  phenomenon  must 
not  only  explain  these  data,  but  must  also  explain  properties  of 
the  beam  lifetime  curves  that  recur,  and  it  must  be  consistent 
with  experimental  observations  of  the  effect  of  varying  the  ion 
pump  voltages,  the  energy,  and  the  filling  current. 

A.  Properties  of  lifetime  curves 

The  captured  dust  particle  hypothesis  in  its  simplest  form  pre¬ 
dicts  abrupt  changes  in  the  beam  lifetime  as  particles  are  cap¬ 
tured  by  (or  lost  from)  the  beam.  Sudden  increase  and  decreases 
are  seen,  however  examination  of  the  lifetime  curves  reveals 
complicated  structures  not  present  under  positron  operation,  in¬ 
cluding  oscillations,  increases,  and  decreases  with  timescales 
from  minutes  to  hours.  In  general,  the  electron  beam  lifetime 
behaviour  in  HERA  is  difficult  to  quantify.  Some  of  the  more 
curious  observations  are  presented: 

The  electron  beam  lifetime  often  drops  towards  or  at  the  end 
of  the  ramp  from  12GeV  to  27GeV.  In  Fig.  3  we  see  an  exam¬ 
ple  of  the  lifetime  variations  during  the  ramp  from  12GeV  to 
27GeV.  Synchrotron  radiation  may  play  a  role  in  the  electron 
lifetime  problem. 

In  Fig.  4  we  see  a  gradual  decrease  in  the  lifetime  over  the  first 
one  or  two  hours  of  the  run  (after  the  rapid  ramp  from  12GeV 
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Figure  2.  HERA  electron  and  positron  beam  lifetimes  in  iBrom 
March  to  August  1994  at  current  values  i  =  5,  10,  15,  and  20 
mA.  The  run  for  run  sequence  is  shown. 


Figure  3.  An  example  of  the  HERA  electron  beam  lifetime 
development  during  the  ramp  from  energy  12GeV  to  27GeV  for 
electrons.  The  current,  lifetime  and  energy  are  shown  against  the 
time  in  hours.  The  electron  beam  lifetime  tends  to  peak  during 
the  ramp  and  then  drop. 

to  27GeV  has  been  performed).  This  effect  can  be  seen  in  over 
50%  of  the  electron  beam  lifetime  curves  in  1994  and  frequently 
in  1993.  Similarly,  gradual  increases  in  the  lifetime  are  often 
observed  at  low  current  values. 

There  is  a  strong  correlation  between  the  filled  current  and  the 
degree  to  which  the  lifetime  is  limited  later  in  a  run  (Fig.  5).  As 
argued  in  [2],  the  statistical  distribution  is  consistent  with  a  dis¬ 
crete  many-event  model,  whereby  the  probability  of  a  particular 
lifetime  reduction  event  occurring  increases  with  filled  current, 
and  up  to  10  lifetime  reduction  events  occur  for  high  current 
fillings.  At  very  low  current  fillings  lifetime  reduction  events 
are  unlikely,  so  that  positron  beam  lifetimes  are  often  obtained. 
The  behaviour  seen  in  Fig.  1  is  typical  of  smaller  current  fill¬ 
ings,  and  is  perhaps  due  to  the  capture  and  escape  of  one  or  two 
dust  particles,  whereas  for  higher  current  fillings  such  as  Fig.  4 


Figure  4.  The  electron  lifetime  frequently  decreases  gradually 
at  the  beginning  of  a  run. 


HERA  lifetime  vs.  filled  current  correlation 


Figure  5.  The  lifetime  in  hours  at  beam  current  10mA  is  plotted 
against  the  filled  current  for  HERA  electron  runs  in  1993  and 
1994,  and  for  positron  runs  in  August  1994. 


the  lifetime  reduction  is  more  severe,  and  the  lifetime  does  not 
recover  at  low  current  to  values  obtainable  with  positrons. 

B,  Results  of  experimental  investigations 

Many  experimental  observations  are  consistent  with  the  cap¬ 
ture  of  a  micro  particle  of  size  <  1pm  or  of  a  small  number  of 
particles  with  equivalent  total  mass: 

The  lifetime  problem  is  independent  of  the  tunes  Qx,y,z ,  and 
the  incoherent  tunes  do  not  change  during  sudden  drops  in  the 
lifetime;  Electron  loss  monitors  show  that  sudden  drops  in  the 
lifetime  are  accompanied  by  strong  local  loss-rate  increases  (see 
Fig.  6,  [5]);  Spikes  briefer  than  a  few  milliseconds  and  events  of 
a  few  seconds  duration  -  which  may  be  due  to  the  brief  capture 
of  dynamically  unstable  dust  particles  -  are  often  seen  in  the 
bremsstrahlung  detectors  at  the  experiments  HI,  ZEUS  and  at 
the  HERA  polarimeter  during  electron  runs. 

The  integrated  ion  pumps  of  HERA  are  strongly  implicated 
in  the  HERA  electron  beam  lifetime  problem,  which  is  known 
to  be  more  severe  at  high  integrated  ion  pump  voltages.  In¬ 
deed  irreversible  electron  beam  lifetime  reductions  have  been 
induced  in  both  PETRA  and  DORIS  by  momentary  increases  of 
the  pump  voltages.  A  significant  improvement  in  the  lifetime 
was  achieved  in  1992  by  the  removal  of  a  single  culprit  pump. 
Arcing  in  the  ion  pumps  has  been  observed  at  high  voltages  and 
is  promoted  by  the  presence  of  strong  synchrotron  radiation.  It 
has  been  proposed  that  such  arcing  could  throw  dust  particles 


2018 


Figure  6.  Lifetime  reduction  events  correlate  well  with  losses 
seen  in  the  HERA  electron  loss  monitors.  In  the  above  example 
from  1 1  Oct  1994  the  brief  disruption  of  the  lifetime  and  current 
at  time  21:55  is  seen  in  loss  monitor  SL191,  and  the  irreversible 
disruption  at  23:05  is  seen  in  monitor  WR239. 

into  the  vacuum  chamber.  The  details  of  how  the  beam,  sjm- 
chrotron  radiation,  and  the  pumps  interact  in  the  complicated 
physical  environment  of  the  vacuum  chamber  to  cast  material 
into  the  beam  are  not  understood. 

III.  TOWARDS  A  CURE 

A.  Beam  excitation 

It  has  been  observed  that  transverse  beam  oscillations  at  var¬ 
ious  frequencies  can  beneficially  affect  the  reduced  electron 
beam  lifetime  in  HERA.  A  computer  simulation  of  a  1/im 
trapped  dust  particle  indicates  that  the  lifetime  can  be  signifi¬ 
cantly  improved  by  targetted  transverse  excitation  of  the  beam 
(see  Fig.  7).  A  dust  pirticle  trapped  in  the  non-linear  potential 
due  to  a  Gaussian  beam  electron  profile  will  have  a  well-defined 
oscillation  frequency  only  for  oscillation  amplitudes  small  com¬ 
pared  with  the  beam  width.  To  obtain  effective  increase  of  the 
simulated  dust  particle’s  oscillation  amplitude  the  beam  exci¬ 
tation  frequency  must  be  swept  from  above  the  dust  particle's 
'  linear-region’  oscillation  frequency  in  the  kHz  range.  Trials 
of  this  method  are  to  be  performed  in  June  1995  by  controlled 
sweeping  of  a  transverse  feedback  kicker,  to  see  whether  irre¬ 
versible  improvement  of  the  lifetime  can  be  obtained. 

R.  NEG  pumps 

Although  the  lifetime  problem  appears  worse  for  high  ion 
pump  operation  voltages,  the  reduction  of  the  pump  voltage 
from  the  usual  5kV  to  very  low  values  is  not  a  satisfactory  so¬ 
lution,  since  measurements  during  positron  operation  showed 
that  the  chamber  pressure  obtained  under  3kV  pump  voltage  it¬ 
self  delivers  unsatisfactory  beam  lifetime.  The  trial  installation 
and  assessment  of 'zero- voltage’  non-evaporative  getter  (NEG) 
pumps  has  been  planned  for  the  1995/1996  winter  shutdown. 
The  HERA  electron  loss  monitors  permit  measurement  of  the 
removal  of  lifetime  reduction  events  in  a  region  installed  with 


Figure  7.  A  simulation  of  the  expulsion  of  a  trapped  Ipm  dust 
particle  from  the  HERA  electron  beam  by  sweeping  a  transverse 
beam  kick  through  kHz  frequencies. 


NEG  pumps. 
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Abstract 

Leaks  and  cracks  have  developed  in  the  vacuum  windows 
of  the  linac  WR  284  waveguide  directional  couplers.  In  the 
existing  coupler  design  the  vacuum  window  is  brazed  to  the 
waveguide.  Replacement  of  a  cracked  window  requires  the 
removal  of  the  component  from  the  waveguide  system  result¬ 
ing  in  a  loss  of  vacuum  in  the  waveguide.  A  new  design  has 
been  developed  and  a  prototype  tested  that  utilizes  bolted-in 
vacuum  windows  and  allows  for  easier  replacement  of  the  win¬ 
dows  in  the  system,  while  still  providing  suitable  radio  fre¬ 
quency  (rf)  specifications. 

L  INTRODUCTION 

The  rf  operating  frequency  of  the  APS  linac  is  2.856  GHz. 
Rf  power  is  provided  by  five  35-MW  pulsed  klystrons  with  a 
pulse  width  of  5.0  |xS,  and  a  repetition  rate  up  to  60  Hz  [1]. 
Three  of  the  five  klystrons  supply  power  to  SLED  (the  SLAC 
energy  doubler)  cavity  assemblies  [2];  therefore,  the  electrical 
specification  of  peak  power  for  the  waveguide  is  >200  MW. 

This  paper  describes  the  mechanical  and  rf  design  of  a 
high  power,  ultra-high  vacuum,  WR  284  waveguide  dual  direc¬ 
tional  coupler  for  the  APS  linac  rf  system.  Section  II  describes 
mechanical  aspects  of  the  coupler,  and  sections  III  and  IV 
describe  the  rf  measurement  setup  and  the  results. 

II.  COUPLER  MOUNTING  ARRANGEMENT 

The  coupler  mounting  arrangement  is  shown  in  Figure  1. 
The  internal  geometry  of  the  insert,  the  CF  (Conflat)-style 
flange  and  the  flange-mounted  viewport  closely  replicates  Aat 
of  the  original  brazed  window  design.  This  allows  reuse  of  the 
directional  couplers  from  the  original  waveguide  system.  In  the 
new  design,  the  insert  is  furnace  brazed  to  the  broad  wall  of  the 
waveguide.  Subsequent  to  brazing,  a  step-bored  flange  with 
tapped  bolt  holes  is  gas-tungsten  arc  welded  to  the  insert  from 
the  inside  (vacuum  side).  The  viewport  is  sealed  to  the  mating 
flange  using  a  conventional  oxygen  free  high  conductivity 
(OFHC)  copper  gasket.  The  mounting  bolts  also  secure  the 
coupler  mount  housing,  that  is  piloted  into  a  slight  recess  in  the 
viewport  to  maintain  concentricity  with  the  insert. 

The  directional  coupler  fits  snugly  (0.001-0.003"  diame¬ 
tral  clearance)  within  the  coupler-mount  housing  to  maintain 
concentricity  with  the  insert  opening.  A  shim  is  used  between 
the  directional  coupler  and  the  coupler  mount  housing  to  tune 
the  coupling  sensitivity  of  the  assembly.  The  body  of  the  direc¬ 
tional  coupler  is  rotated  to  adjust  coupling  directivity.  An 
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annular  coupler  retainer  secures  the  directional  coupler  to  the 
coupler  mount  housing  (via  a  shoulder  on  the  directional  cou¬ 
pler  and  tapped  holes  in  the  coupler  mount  housing)  to  main¬ 
tain  directivity  and  solid  electrical  contact. 


Figure  1:  Coupler  mounting  arrangement. 


This  arrangement  allows  simplified  replacement  of  a  dam¬ 
aged  window  and  immediate  reinstallation  of  the  directional 
coupler.  Fused  silica  was  used  for  the  window.  Fused  silica 
windows  and  CF  flanges  are  adequate  for  ultra-high  vacuum 
use.  The  previous  design  required  removal  of  the  waveguide 
section  and  rework,  including  furnace  brazing,  of  a  new  win¬ 
dow.  The  distance  between  the  two  directional  couplers  is 
4.518  inches.  This  corresponds  to  3  A,g/4,  where  is  the  wave¬ 
length  of  the  rf  wave  in  the  waveguide.  This  distance  allows 
the  best  directivity  between  the  two  couplers  [3]. 

III.  MEASUREMENT  SETUP  AND 
PROCEDURES 

The  rf  measurements  were  made  using  a  prototype  of  the 
dual-directional  coupler.  The  test  setup  included  a  waveguide 
mount  for  each  directional  coupler  and  several  coupling 
loops.The  measurements  were  used  to  determine  the  optimum 
orientation  and  depth  for  the  directional  coupler  loop  in  the 
WR  284  waveguide.  The  loop  provides  a  coupling  coefficient 
57  ±  2  dB  and  directivity  between  the  forward  and  reverse 
power  measurement  >32  dB  at  the  operating  frequency  and 
over  a  test  band  of  ±10  MHz. 

The  experimental  setup  consisted  of  a  Hewlett  Packard 
Model  8510  network  analyzer,  two  WR  284  waveguide-to- 
coax  transitions,  two  6"  pieces  of  plain  waveguide,  and  the 
prototype  shown  in  Figure  2.  The  6"  pieces  of  waveguide  were 
inserted  between  the  transitions  and  the  directional  coupler  to 
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ensure  that  any  fields  due  to  evanescent  modes  created  in  the 
coax-to-waveguide  transition  would  not  be  included  in  the 
measurements. 


DUAL-DIRECTIONAL 

COUPLER 


Figure  2:  Measurement  setup. 

The  center  frequency  of  the  analyzer  was  set  at  the  APS 
linac  rf  frequency  of  2.856  GHz  with  a  span  of  10  MHz.  A 
waveguide  calibration  was  performed  using  a  WR  284  calibra¬ 
tion  kit  to  eliminate  errors  caused  by  the  two  transitions  and 
attached  6"  pieces,  and  to  ensure  that  the  measurements 
reflected  only  the  device  under  test.  Six  different  directional 
coupler  inserts,  numbered  1  through  6,  were  used  and  all  but 
coupler  1  had  a  measured  matched  resistance  that  was  50.5  ± 
0.1  Q;  the  value  of  coupler  1  was  51.3  Q.  This  small  deviation 
did  not  seem  to  negatively  affect  the  performance  of  the  cou¬ 
pler. 

The  measurement  procedure  consisted  of  five  steps.  The 
setup  for  the  first  step  was  as  shown  in  Figure  2.  Channel  1  of 
the  8510  was  conrected  to  the  coax-to-waveguide  transition 
and  chaimel  2  was  connected  to  the  directional  coupler  located 
in  port  1  of  the  prototype.  A  50-Q  broadband  matched  load 
was  placed  on  the  end  of  the  second  coax-to-waveguide  transi¬ 
tion.  Shims  were  inserted  into  the  directional  coupler  mounting 
to  change  the  depth  of  the  loop  in  the  guide.  The  shims  varied 
in  size  from  0.12"  to  0.18".  A  transmission  (S21)  measurement 
was  done  and  a  shim  size  was  chosen  that  resulted  in  a  forward 
power  for  port  1  of  approximately  -57  dB.  The  same  shim  size 
was  then  put  into  the  coupler  mounting  of  port  2  in  the  proto¬ 
type. 

In  step  two,  the  cable  from  channel  2  on  the  8510  was 
removed  from  the  coupler  in  port  1  of  the  prototype  and 
attached  to  the  coupler  located  in  port  2.  The  S21  measurement 
was  done  while  the  directional  coupler  was  rotated,  in  order  to 
rotate  the  loop  until  the  power  reading  was  as  low  as  possible. 
This  measurement  was  the  reverse  power  of  port  2. 

For  step  three  the  coax  from  channel  1  of  the  8510  was 
switched  with  the  50-Q  load  on  the  transition.  The  resulting 
transmission  measurement  was  the  forward  power  for  port  2 
(see  Tables  1-3).  If  the  forward  power  was  not  approximately 


-57  dB,  then  next  size  shim  was  used  and  steps  one  and  two 
were  repeated. 

In  step  four  the  coax  from  channel  2  of  the  8510  was 
moved  to  the  directional  coupler  located  in  port  1  and  the  cou¬ 
pler  was  rotated  until  the  power  reading  was  as  low  as  possi¬ 
ble.  The  transmission  measurement  was  the  reverse  power  at 
port  1. 

In  step  five  the  original  setup  as  described  in  step  one  was 
used  and  the  measured  forward  power  at  port  1  was  compared 
to  the  value  recorded  in  step  one.  Again,  if  the  second  power 
measurement  was  not  approximately  -57  dB  then  the  next  size 
shim  was  used  and  the  steps  were  repeated  again  until  the  cor¬ 
rect  shim  size  and  corresponding  loop  position  for  the  specifi¬ 
cations  were  found. 

IV.  RESULTS 

Six  shim  sizes  were  initially  used:  0.12",  0.14",  0.15", 
0.16",  0.17",  and  0.18".  Preliminary  measurements  determined 
that  shim  thicknesses  of  0.14"  to  0.16"  corresponded  to  a  for¬ 
ward  power  measurement  between  54.8  and  59.2  dB  for  the 
couplers.  A  shim  thickness  of  0.14"  was  chosen  in  order  to 
decrease  the  number  of  measurements.  As  shown  in  Table  1, 
forward  power  measurements  with  this  shim  size  were  fairly 
close  to  57  dB  and  it  was  decided  that  as  improvements  were 
made  in  the  prototype  design  this  shim  would  provide  the  cou¬ 
pling  that  was  required.  Directional  couplers  1  and  2  were 
paired  together  and  met  the  specifications  when  inserted  into 
the  mounting  using  the  0.14"  shim  with  no  modifications  to  the 
prototype.  It  was  decided  to  eliminate  these  couplers  from  the 
testing  and  use  only  the  remaining  couplers  for  which  modifi¬ 
cations  to  the  prototype  mounting  had  to  be  performed  in  order 
for  the  couplers  to  meet  the  specifications. 

Based  on  the  measurements  taken  and  shown  in  Table  1, 
couplers  4  and  5  have  the  worst  directivity,  ranging  from  20  to 
25  dB.  An  inspection  of  the  prototype  revealed  that  changes 
could  be  made  in  the  design  to  improve  the  directivity  and  the 
coupling.  Two  areas  for  improvement  were  found  inside  the 
coupler  mountings.  The  first  was  that  concentricity  was  not 
maintained  between  the  inner  diameter  (I.D.)  of  the  original 
rotatable  flange  and  the  I.D.  of  the  insert,  and  the  second  was 
that  the  weld  between  the  flange  and  the  insert  on  the 
waveguide  was  not  smooth  enough  (see  Figure  1). 


Table  1  Redesigned  Coupler  -  Original. 


Coupler  Insert 
Portl  Port2 

Fwd  Pwr 
Portl 
(dB) 

Rev  Pwr 
Portl 
(dB) 

Fwd  Pwr 
Port  2 
(dB) 

Rev  Pwr 
Port  2 
(dB) 

3  and  4 

-56.445 

-88.527 

-54.758 

-76.641 

4  and  3 

-55.584 

-75.629 

-56.525 

-87.891 

5  and  6 

-55.641 

-81.113 

-55.588 

-85.297 

6  and  5 

-56.24 

-97.668 

-55.936 

-83.047 

4  and  5 

-56.055 

-77.363 

-56.195 

-79.305 
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The  roughness  of  the  weld  was  smoothed  out  without 
changing  the  rotatable  flange.  This  approach  made  relatively 
minor  differences  in  the  measurements,  as  shown  in  Table  2. 
The  LD.  of  the  rotatable  flange  allowed  approximately  0.015" 
clearance  between  its  ID.  and  that  of  the  insert.  Therefore,  the 
next  step  was  to  replace  the  rotatable  flange  with  a  nonrotat- 
able  one  which  allowed  approximately  0.003"  to  0.005"  clear¬ 
ance  between  its  LD.  and  the  insert’s  LD.  This  change  resulted 
in  a  much  simpler  welding  process,  and  the  resulting  weld  was 
smooth.  Table  3  shows  data  taken  after  changing  the  flange 
type.  The  measurements  show  improvement  in  directivity 
compared  to  the  data  shown  in  Table  2. 


Table  2  Smoothed  welding  between  flange  and  insert. 


Coupler  Insert 
Port  1  Port  2 

Fwd  Pwr 
Portl 
(dB) 

Rev  Pwr 
Port  1 
(dB) 

Fwd  Pwr 
Port  2 
(dB) 

Rev  Pwr 
Port  2 
(dB) 

3  and  4 

-56.672 

-85.781 

-55.221 

-79.363 

4  and  3 

-55.496 

-79.906 

-56.59 

-89.737 

5  and  6 

-57.146 

-83.398 

-56-5 

-90.758 

6  and  5 

-55.723 

-91.293 

-56.832 

-81.668 

4  and  5 

-55.109 

-77.656 

-55,799 

-82.582 
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Table  3  Changed  flange  type. 


Coupler  Insert 
Port  1  Port  2 

Fwd  Pwr 
Port  1 
(dB) 

Rev  Pwr 
Portl 
(dB) 

Fwd  Pwr 
Port  2 
(dB) 

Rev  Pwr 
Port  2 
(dB) 

3  and  4 

-58.453 

-95.371 

-57.391 

-85.508 

4  and  3 

-57.932 

-87.535 

-57.023 

-95.312 

5  and  6 

-58.605 

-87.734 

-58.395 

-88.562 

6  and  5 

-58.895 

-98.848 

-58.059 

-92.176 

4  and  5 

-57.969 

-86.805 

-56.152 

-85.637 

V.  CONCLUSION 

As  shown  by  the  data  presented  in  Tables  1-3,  the  conclu¬ 
sion  can  be  made  that  it  is  possible  to  create  a  directional  cou¬ 
pler  that  meets  the  electrical  specification.  The  coupler  will  be 
able  to  operate  at  high  peak  power,  and  simplified  window 
replacement  without  rebrazing  the  part  is  possible.  Tight  toler¬ 
ances  for  the  clearance  between  the  CF  flange  and  the  insert  in 
the  waveguide  LD.  must  be  closely  adhered  to  and  all  welds 
exposed  to  rf  must  be  smooth. 
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Abstract 

A  novel  pulse  septum  magnet  for  the  injection  system  of  NSRL 
storage  ring  which  is  a  dedicated  synchrotron  radiation  facil¬ 
ity  was  described  in  this  paper.  The  main  parameters  and  mea¬ 
sured  results  of  the  septum  including  its  magnetic  field  distribu¬ 
tion  and  its  vacuum  characteristic  were  given  also.  After  mak¬ 
ing  a  shim  the  stray  field  near  current  strip  to  gap  magnetic  field 
was  reduced  to  0.1%,  and  the  pressure  of  the  vacuum  chamber, 
in  which  the  septum  magnet  was  installed,  is  less  than  5x10““^° 
mbar  after  baking.  Now  the  septum  magnet  is  playing  an  impor¬ 
tant  part  in  getting  a  high  injection  efficiency  and  high  accumu¬ 
lating  current  in  the  NSRL  storage  ring  during  the  machine  run¬ 
ning. 

L  WTRODUCTION 

HLS  (Hefei  synchrotron  radiation  Light  Source)  is  a  major 
equipment  of  NSRL  (National  Synchrotron  Radiation  Labora¬ 
tory),  which  consists  of  an  electron  LINAC  of  200MeV  and  a 
storage  ring  of  800  MeV.  The  LINAC  was  built  in  a  tunnel  and 
the  storage  ring  was  built  above  ground.  The  difference  in  ver¬ 
tical  direction  between  the  position  of  the  LINAC  and  the  stor¬ 
age  ring  is  3.2m.  The  electrons  from  the  LINAC  pass  through 
the  transport  line  of  88  m  and  then  is  injected  into  the  storage 
ring  by  mean  of  the  injection  system  which  is  composed  of  three 
kickers  and  two  septum  magnets.  The  two  septum  magnets  were 
designed  to  carry  out  deflection  in  vertical  direction  and  horizon¬ 
tal  injecting  into  the  storage  ringt^^l.  It  is  very  important  to  de¬ 
velop  a  novel  pulse  septum  magnet  with  a  good  magnetic  per¬ 
formance  and  low  outgassing  rate  so  that  it  can  be  installed  into 
the  ultra-high  vacuum  chamber  directly  to  raise  the  injection  effi¬ 
ciency  and  increase  the  transverse  admittance  near  the  injection 
point  of  the  storage  ring.  There  were  some  way  to  solve  these 
problems mentionedaboveinexistingmachine[^’^’^’'^»^>®’^l  One 
of  these  is  to  separate  the  vacuum  chamber  of  the  storage  ring 
from  the  transport  line  vacuum  chamber  using  a  metal  foil,  such 
as  Beryllium  foil  of  0.05  0.1mm  or  a  koplon  foil  of  0.02  ~ 

0.05mm  think.  Another  way  is  to  increase  the  gap  size  of  the  sep¬ 
tum  magnet  so  that  the  vacuum  chamber  can  be  mounted  in  the 
gap  directly  or  reduce  the  conductance  of  gases  from  the  vacuum 
chamber  of  the  septum  to  the  vacuum  chamber  near  the  injection 
point  of  the  storage  ring  and  using  a  SIP  with  higher  pumping 
speed  to  exhaust  them  and  so  on.  In  order  to  keep  a  higher  in¬ 
jection  efficiency,  adopting  thin  koplon  foil  to  separate  the  two 
vacuum  chamber  is  a  better  way.  But  when  the  electron  beam 
of  200  MeV  passes  through  the  koplon  foil  of  50  //m,  the  diver¬ 
gent  angle  of  the  beam  will  be  increased  up  to  1 .24  mrad  which  is 
larger  than  the  allowed  acceptance  of  the  storage  ring  of  NSRL  at 
the  injection  point^®’^^  so  the  thin  foil  cannot  be  adopted  in  our 


case.  On  the  other  hand  it  is  impossible  to  obtain  the  required 
pressure  of  10“®  mrad,  if  the  pulse  magnet  is  directly  mounted 
in  the  chamber  of  the  storage  ring.  Because  the  pulse  magnet 
was  made  of  steel  sheet  (0.6mm  thickness),  its  total  surface  area 
is  about  lO^cm^  and  the  ougassing  rate  of  the  commercial  steel 
sheet  with  isolating  coating  is  about  1 0“  m6ar  •  /♦  ^  •  cm“  ^  at 
least.  So  the  total  outgassing  quality  of  the  septum  magnet  will 
be  reach  10“^m6ar  •  I  •  s~^.  Obviously  it  is  difficult  to  reach 
a  pressure  of  10“^  mbar  or  less.  Finally  a  new  magnetic  mate¬ 
rial  which  is  a  low  carbon  steel  sheet  of  0.6mm  thickness  with 
A/2O3  powder  coating  has  been  searched  after  testing  repeat¬ 
edly.  The  test  results  show  that  its  outgassing  rate  is  negative  af¬ 
ter  baking  for  24  hours  at  200®  C.  The  whole  septum  magnet  was 
mounted  in  the  storage  ring  chamber,  its  pressure  was  less  than 
less  5  X  10“^°mfcar  after  bakeout  and  pumping  of  48  hours^^^\ 
This  is  an  exciting  result.  Now  the  septum  magnet  is  playing  an 
important  part  in  getting  a  high  injection  efficiency  and  high  ac¬ 
cumulating  current  in  the  NRSL  storage  ring. 

IL  MAGNETIC  PERFORMENCE  OF  THE 
SEPTUM  MAGNET 

The  septum  magnet  is  laminated  by  steel  sheet  of  0.6mm 
thickness  with  ceramic  powder  coating(coating  thickness  about 
50  //m).  Its  exciting  coil  is  a  single  turn  coil  with  A/2O3  pow¬ 
der  coating  also.  The  schematic  drawing  in  Fig.l  shows  the  ba¬ 
sic  components  of  the  septum.  The  cross  section  of  the  septum 
magnet  is  shown  in  Fig.  2.  The  main  parameters  is  summarized 
in  Table  1. 

Integrated  magnetic  field  along  the  electron  beam  direction 
was  measured  by  means  of  a  set  of  long  coil.  Its  distribution  vs 
transverse  direction  is  shown  in  Fig.  3.  The  magnetic  field  near 
the  end  of  the  septum  measured  along  beam  moving  direction  by 
point  coil  is  shown  in  Fig.4. 
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Figure  2.  Cross  section  of  the  septum  magnet 


Table  I 

Main  parameters  of  the  septum  magnet 


Max.  pulse  magnetic  field 

5.6  kGauss 

Radius  of  curvature 

4.77  m 

Deflection  angle 

104.7  mrad 

Effective  length 

499.5  mm 

Magnetic  field  waveform 

half  sine 

gap  highness 

10  mm 

Thickness  of  current  strip 

2  mm 

Max.  exciting  current 

4500  A 

Max.  current  density 

214.3  AJmm^ 

The  curve  3  in  Fig.3  shows  that  the  stray  field  near  the  current 
strip  vs  the  magnetic  field  in  the  gap  is  about  0.1%  after  a  suitable 
shim.  With  our  testing  data  we  calculated  the  injection  efficiency 
to  be  about  100%.  This  indicated  that  the  magnetic  performance 
is  good  enough  for  our  machine. 

III.  VACUUM  CHARACTERISTIC 

According  to  calculation  of  the  lifetime  of  8  hours  in  the  stor¬ 
age  ring,  the  pressure  in  the  storage  ring  chamber  with  stored 
beam  of  300mA  must  be  less  than  3  x  10“*^mbar.  In  order  for 
the  pulse  septum  magnet  to  be  mounted  in  the  ultra-high  vacuum 
chamber  directly,  and  not  influence  the  vacuum  condition,  it  is 
necessary  to  search  and  develop  a  new  magnetic  material  which 
outgassing  rate  must  be  lower  than  10“^^m6ar  •  I  ♦  5”^  • 
Unfortunately,  the  outgassing  rate  of  the  commercial  steel  sheet 
with  isolating  coating  is  about  10“^°m6ar  •  T  at  least. 

After  testing  repeatedly,  we  have  found  that  outgassing  rate  of 
the  low  carbon  steel  sheet  of  0.6mm  thickness  with  ceramic  pow¬ 
der  AI2  O3  coating  is  negative  after  bakeout  for  24  hours  at  200^ 
C.  Fig.5  shows  the  outgassing  rate  curve  tested  in  different  case. 
According  to  curve  1  and  2  in  fig.5,  the  outgassing  rate  is  about 
4.2  X  10“^^mfear  ♦  I  •  •  cm"^.  Obviously,  the  steel  sheet 

with  A/2O3  powder  coating  have  some  absorption  capacity  af¬ 
ter  bakingf^^l 

In  order  to  understand  the  phenomenon  we  put  the  steel  sheet 
of  706  cw?  area  into  a  testing  vacuum  chamber,  and  got  a  rais¬ 
ing  pressure  curve  in  different  condition  after  pumping.  Fig.6 
shows  the  test  results.  After  one  week  being  without  pumping, 
the  chamber  remained  a  good  vacuum  condition  of  10“^  mbar 


Figure  3.  f  Bdl  vs  transverse  distance  from  the  face  of  current 
strip 

1  -  without  shim 

2  -  reducing  the  length  of  current  strip  without  shim 

3  -  reducing  the  length  of  current  strip  with  shi 

4  -  field  distribution  in  the  gap 


Figure  4.  Magnetic  field  distribution  near  the  end  of  the  septum 
along  beam  direction 

also. 

Finally  we  manufactured  the  pulse  septum  magnet  from  such 
a  material(steel  sheet  and  copper  strip)  with  AZ2O3  coating.  So 
far  the  septum  magnet  was  mounted  in  the  ultra-high  vacuum 
chamber  of  storage  ring,  and  is  running  well.  The  pressure  near 
the  septum  magnet  is  about  8  x  10“^°  mbar  without  beam  and 
2  X  10"^  mbar  with  stored  beam  of  150mA. 

IV.  CONCLUSION 

After  mounting  the  pulse  septum  magnet  which  was  made  of 
steel  sheet  and  copper  current  strip  with  A/2O3  powder  coating, 
into  the  ultra-high  vacuum  chamber  of  NSRL  storage  ring,  the 
machine  has  successfully  run  for  5  years.  All  of  these  show  that 
the  septum  magnet  is  of  high  quality  with  respect  to  both  mag¬ 
netic  performance  and  vacuum  characteristic.  Especially,  the 
septum  magnet  is  of  benefit  to  increase  injection  efficiency  for 
a  low  energy  electron  storage  ring. 

As  for  the  absorbing  function  and  the  mechanism  of  A/2O3 
powder  coating  have  yet  to  be  investigated  further. 
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Figure  5.  Outgassing  rate  curve  of  different  material 

1  -  copperplate  with  A/2O3  coating  after  baking 

2  -  steel  sheet  with  A/2O3  coating  after  baking 

3  -  steel  sheet  with  A/2O3  coating  at  room  temperature 

4  “  copperplate  with  A/2O3  coating  at  room  temperature 

5  -  steel  sheet  with  inoiganic  isolating  coating  at  room  temperature 


Figure  6.  Raising  pressure  curve  in  different  case 

1  -  steel  sheet  with  A/2O3  coating  at  room  temperature 

2  ~  background  (without  sample) 

3  -  steel  sheet  with  A/2O3  coating  after  baking 

4  “  steel  sheet  with  A/2O3  coating  after  re-baking 
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SURVEYING  THE  MONUMENT  SYSTEM  AT  LAWRENCE  BERKELEY 
LABORATORY'S  ADVANCED  LIGHT  SOURCE  ACCELERATOR' 


W.  Thur  and  T.  Lauritzen,  Advanced  Light  Source  Center,  Lawrence  Berkeley  Laboratory 
University  of  California,  Berkeley,  CA  94720  USA 


Particle  accelerators  with  demanding  alignment 
requirements  face  a  need  for  periodic  re-surveying  of  their 
reference  monument  systems.  At  the  ALS,  significant 
foundation  settling  and  the  necessary  relocation  of  some 
floor  monuments  mean  that  the  entire  system  of  over  100 
monuments  must  be  re-surveyed  to  an  accuracy  of  100 
microns  at  two  year  intervals.  Last  Fall,  the  monument 
survey  was  conducted  entirely  by  the  in-house  Survey  and 
Alignment  crew  using  a  simplified  instrument  mounting 
system  and  an  inexpensive  commercial  software  package. 
Precision  levels,  plummets,  theodolites,  and  an  electronic 
distance  measuring  system  were  used  with  the  innovative 
"Monopod"  instrument  mounting  system  in  a  cost  effective 
approach  to  this  critical  task. 


Figure  1:  The  LBL  Advanced  Light  Source 
(ALS) 


L  INTRODUCTION 

When  the  Advanced  Light  Source  synchrotron  accelerator 
was  designed  in  1987-89,  Lawrence  Berkeley  Laboratory 
had  not  built  an  accelerator  facility  in  many  years.  There 
were  no  survey  and  alignment  specialists  on  the  staff,  and 
certainly  no  one  with  experience  in  meeting  the  ±150 
micrometre  (micron)  alignment  tolerances  specified  for  the 
ALS  components.  Mechanical  engineer  Ted  Lauritzen  was 
given  responsibility  for  survey  and  alignment.  With  help 


*This  work  was  supported  by  the  Director,  Office  of  Energy 
Research,  Office  of  Basic  Energy  Sciences,  Material 
Sciences  Division,  U.S.  Department  of  Energy,  under 
Contract  No.  DE-AC03-76SF00098. 


from  Robert  Ruland  and  Co.  of  SLAC,  the  ALS  equipped  a 
new  survey  and  alignment  team  with  a  well-chosen  set  of 
instruments  and  software  to  achieve  near  state-of-the-art 
alignment  tolerances  on  the  200  meter  circumference 
accelerator.  In  the  process,  new  and  innovative  devices  and 
techniques  were  developed  at  the  ALS  to  improve  the 
accuracy  and  the  cost  effectiveness  of  survey  and 
alignment.  Today,  the  alignment  needs  of  the  accelerator 
and  its  growing  complement  of  tangential  beamlines  are 
met  by  a  staff  of  six  technicians  and  a  part  time  engineer. 

IL  MONUMENT  SURVEYS 

All  alignment  surveys  at  the  ALS  are  done  with 
reference  to  a  system  of  over  100  "monuments"  embedded 
in  the  concrete  slab  floor  of  the  building.  Ideally,  these 
monuments  would  be  perfectly  stable,  but  floor  settling  and 
the  addition  of  new  monuments  requires  that  the  entire 
monument  network  be  re-surveyed  periodically. 

To  measure  the  relative  three-dimensional  locations  of 
all  the  monuments,  many  redundant  sightings  and 
measurements  are  made,  with  computerized  processing  of 
the  data.  Conceptually,  the  100+  monuments  represent  a 
"network"  of  points  linked  by  lines  of  sight.  Using  an 
optical  plummet,  a  universal  instrument  mount  is  securely 
located  at  a  known  height  directly  above  each  monument 
in  turn.  Theodolites  and  Mekometers  are  then  mounted  for 
sightings  to  all  the  other  monuments  visible  from  that 
location.  Wild  N3  precision  levels  sighting  to  elevation 
scales  provide  relative  elevation  differences  between 
monuments.  Kem  E2  theodolites  provide  precise  horizontal 
angles  between  sighted  monuments.  Finally,  the  Kem 
Mekometer  5000  provides  accurate  slope  distances 
between  itself  and  a  retro  reflector  at  the  sighted 
monument. 

Data  from  the  theodolite  and  the  Mekometer  sightings 
is  entered  into  a  laptop  computer  via  umbilical  cables. 
Elevation  sightings  are  entered  manually  by  the  operator. 
The  output  from  this  data  acquisition  program  is  formatted 
for  eventual  input  into  the  monument  data  reduction 
program,  StarNet.  StarNet  accepts  sightings  input  in  any 
order,  and  performs  a  least  squares  "best  fit"  process  on  the 
geometrically  redundant  data  to  provide  the  greatest 
possible  accuracy  for  the  final  coordinates  of  each 
monument.  A  "blunder  detection"  feature  identifies  any 
inconsistent  input  data  so  that  questionable  sightings  can 
be  repeated.  A  rigorous  error  analysis  is  part  of  the 
package.  Standard  instrument  errors,  the  network 
geometry,  and  the  level  of  redundancy  are  analyzed  to 
specify  a  two  standard  deviation  "error  ellipse"  for  each 
monument  position. 

The  complete  system  described  above  was  used  by  our 
six  person  team  in  the  Autumn  of  1994  to  re-survey  the 
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ALS  monument  network.  The  results  were  gratifying:  100+ 
monuments  in  a  circular  area  of  125  meters  diameter  were 
surveyed  in  three  dimensions  to  an  average  uncertainty  of 
+  89  micrometres.  Comparison  with  the  previous  monument 
survey  some  two  years  earlier  showed  that  some  monument 
coordinates  had  changed  as  much  as  1400  micrometres  (1.4 
mm),  with  an  average  change  of  470  micrometres. 

The  new  monument  coordinates  will  now  be  used  as 
the  frame  of  reference  for  all  component  alignment  work 
done  at  the  ALS.  We  estimate  that  future  "optimized" 
monument  surveys  will  be  completed  in  a  period  of  about 
two  months  with  our  six  person  crew,  while  the  accelerator 
is  running.  This  capability  will  allow  us  to  precede  each  of 
our  major  scheduled  shut-downs  with  an  updated  monument 
survey,  allowing  us  to  maintain  the  high  alignment 
standards  that  are  needed  at  the  ALS. 

In  addition  to  our  high  quality  instruments  and  survey 
personnel,  three  LBL  originated  innovations  contributed  to 
the  success  of  the  ALS  monument  survey: 

III.  THREE  DIMENSIONAL  MONUMENTS 


Figure  2:  An  ALS  floor  monument 

The  use  of  sphere-mounted  targets  in  the  conical 
recessed  floor  monuments  provides  a  stable  and  repeatable 
reference  marker  capable  of  being  accurately  surveyed, 
and  of  being  accurately  referenced  in  component  alignment 
surveys.  Unlike  other  systems  which  use  separate 
elevation  references,  these  simple,  well-designed 
monuments  tie  all  three  coordinates  together  for  better 
accuracy  and  more  straightforward  use.  These  monuments 
are  the  foundation  of  our  survey  system. 

The  monuments  themselves  are  an  LBL  design 
consisting  of  17-4PH  stainless  steel  cups  epoxy  grouted 
into  the  concrete  floor.  A  precision  ground  conical  surface 
supports  3.5  inch  diameter  Taylor  Hobson  target  mounting 
spheres  which  carry  sighting  targets  or  comer  cube 
reflectors  precisely  located  at  the  geometric  center  of  the 
sphere.  The  sphere  can  be  swiveled  for  sighting  from  any 
direction,  or  for  elevation  measurements  made  with  a 
direct  contact  vertical  scale.  Thus,  the  monument  is  three- 
dimensional;  it  provides  a  stable,  repeatable  reference 
point  in  all  three  dimensions.  When  not  in  use,  the  spheres 
are  removed  and  protective  covers  keep  out  dirt  and 
provide  a  flush  floor  surface. 


IV.  "MONOPOD”  INSTRUMENT  MOUNTING 
SYSTEM 


Figure  3:  Plumbing  a  Monopod 

Simplistically,  the  monopod  is  a  9  inch  diameter 
hollow  carbon  fiber  tube  which  is  used  to  mount  survey 
sighting  instruments  at  an  accurately  known  elevation 
directly  above  a  floor  monument.  At  its  bottom  end,  a 
ground  conical  socket  sits  directly  on  top  of  a  Taylor- 
Hobson  target  mounting  sphere  in  a  floor  monument.  At  its 
top  end,  a  modified  tribrach  instrument  mount  accepts  an 
optical  plummet,  a  theodolite,  a  Mekometer,  or  another 
target  mounting  sphere  (to  allow  sighting  over 
obstructions).  An  auxiliary  tripod  structure  is  bolted  to  the 
floor  around  the  monopod,  and  a  linkage  between  the  two 
allows  precise  plumbing  of  the  monopod  over  the  floor 
monument.  This  is  accomplished  by  mounting  the  optical 
plummet  instrument  to  the  top  of  the  monopod,  sighting 
down  the  bore  of  the  Monopod  to  the  illuminated  target 
mounting  sphere  in  the  floor  monument.  Once  the 
monopod  is  carefully  plumbed,  it  provides  a  universal 
instrument  mount  at  a  known  height  directly  above  the 
floor  monument.  The  special  carbon  fiber  construction  of 
the  monopod  tube  provides  a  near-zero  coefficient  of 
thermal  expansion,  so  the  known  height  is  extremely 
stable.  Special  monopods  some  17  feet  long  are  used  to 
reach  accelerator  floor  monuments  through  radiation 
shielding  roof  blocks,  so  that  sightings  to  the  outside 
monument  network  can  be  made.  The  big  advantage  of  the 
monopod  is  that  its  "built  in"  elevation  dimension 
eliminates  the  previous  need  to  take  separate  elevation 
sightings  for  each  instrument  height. 
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V.  STARNET  DATA  REDUCTION  SOFTWARE 


Figure  4:  StarNet  error  ellipses 

Although  LBL  cannot  take  any  credit  for  the 
development  of  the  StarNet  software  package,  our 
discovery  and  adoption  of  it  have  been  a  tremendous  boon 
to  our  operation.  Previously,  the  software  used  for  this 
purpose  originated  from  within  the  accelerator  alignment 
community.  It  had  evolved  over  many  years  into  a  highly 
capable,  but  highly  complicated,  family  of  programs  best 
understood  by  those  who  wrote  them,  or  at  least  used  them 
frequently.  At  our  level  of  occasional  use,  we  were  hard 
pressed  to  master  this  esoteric  and  often  unforgiving 
system.  StarNet  comes  from  another  world  -  the  world  of 
everyday  land  surveyors  Although  land  surveyors  never 
approach  the  level  of  accuracy  we  need,  their  instruments 
and  their  techniques  are  similar  to  those  we  use.  And,  best 
of  all,  for  wide  acceptance  their  software  must  be  friendly. 
A  well  written  manual,  pull-down  menus,  and  telephone 
support  make  StarNet  a  joy  to  use.  A  simple  change  of 
units  from  the  scale  of  kilometers  to  the  scale  of  meters 
harnesses  all  14  significant  digits  of  StarNefs  calculational 
precision  for  work  at  the  micrometre  level.  Its  least  squares 
adjustment  routines  are  completely  rigorous,  and  test  runs 
with  data  sets  from  earlier  surveys  produce  results  identical 
to  those  from  our  previous  software.  StarNet  also  includes  a 
simulation  mode  where  survey  error  ellipses  can  be 
predicted  based  solely  upon  net  geometry  and  assumed 
instrument  errors,  -  before  a  single  real  sighting  is  taken[l]. 

VL  LESSONS  LEARNED 

Although  we  are  pleased  with  our  monument  survey 
capability,  the  recent  survey  pointed  out  one  way  in  which 
our  efficiency  could  be  improved:  We  need  more 
monopods.  To  make  the  large  number  of  sightings  in  our 
network,  too  much  time  was  spent  setting  up,  plumbing, 
and  tearing  down  our  set  of  eight  monopods  in  a  leapfrog 
manner.  We  would  like  to  build  another  twelve  monopods 


to  minimize  this  work,  and  to  allow  us  to  complete 
monument  surveys  in  less  time. 
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INDUCED  RADIOACTIVITY  OF  THICK  COPPER  AND  LEAD  TARGETS 
IRRADIATED  BY  PROTONS,  ^HE  AND  NUCLEI 
WITH  ENERGY  3.65  GEV/NUCLEON 

A.  A.  Astapov  and  V.  P.  Bamblevski,  Department  of  Radiation  Safety  and  Radiation  Research, 
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The  induced  y-radioactivity  brings  the  main  contribution 
to  the  exposure  dose  for  the  personnel  of  a  high-energy  accel¬ 
erator.  At  the  machines  accelerating  the  heavy  particles  to  the 
energies  of  >1  GeV/nucleon,  this  contribution  amounts  up  to 
50%  of  the  dose. 

The  present  study  deals  with  the  levels  of  induced  radio¬ 
activity  in  dependence  on  the  target  material,  sort  of  particles 
being  accelerated,  and  time  t  elapsed  since  the  end  of  irradia¬ 
tion.  Recommendations  are  given  to  evaluate  the  rate  per  an 
incident  nucleus  dA(t)  of  a  dose  caused  by  the  induced  radio¬ 
activity  of  a  thick  target,  from  the  dose  rate  dp(t)  of  protons 
with  the  same  ratio  of  energy  on  nucleon. 


and  ,x)^'^Na.  The  values  of  the  reaction  cross  sections 

are  taken  from  paper  [1].  The  number  Gujuc )  determined 
with  the  detector  agrees  with  that  one  obtained  with  the 
chamber  within  the  measurement  error  (the  chamber  mis¬ 
counts  have  been  corrected).  The  following  values  of  Guju^) 
are  determined: 

Gcu(P)=(5.0±0.4)10'’[P]  Gpb(P)=(13.7±0.7)10‘^[P] 

Gcu(^He)=(1.0±0.1)-  10‘^[^He] 

Gc»('^C)=(4.1±0.4)10’®['^C]  Gpb('^C)=(4.2±0.2)10"['^C]. 

The  exposure  dose  rate  was  measured  with  the  use  of 
scintillator,  detector  with  NaJ(Tl)  crystal  of  063x63  mm^ 
dimensions,  and  the  multi-channel  amplitude  analyzer.  Fig¬ 
ure  1  illustrates  the  experiment  configuration. 


L  EXPERIMENTAL  PROCEDURE 


IL  SIMULATION  TECHNIQUE 


The  copper  target  of  0100x130  mm^  dimensions  is  ir¬ 
radiated  with  beams  of  protons,  '^He  and  nuclei  and  the 
lead  target  of  0100x170  mm^  —  with  protons  and  nuclei 
of  energy  3.65  GeV/nucleon  during  4  hours  approximately. 

The  experimental  conditions  and  monitoring  are  the 
same  as  those  described  in  [1].  The  irradiation  control  is 
performed  with  an  ionization  chamber.  The  total  number  of 
incident  nuclei  Gu^{Uc ),  where  and  Uc  are,  respectively, 
the  indices  of  the  projectile  nucleus  and  target  nucleus,  is 
determined  using  the  reactions  of  activation:  ^^A1(mc  ,Jc)*^Fe 


Figure  1.  Geometry:  (a)  -  target  irradiation;  (b)  -  dose  rate  measu¬ 
rement  from  the:  1-  beam  inlet,  2-  side,  3-  beam  outlet. 
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The  designed  technique  considers  the  general  rules  for 
generation  of  the  secondary  hadrons,  fragments  of  projectile 
nuclei,  and  residual  target  nuclei  in  the  nucleus-nucleus  in¬ 
teractions.  To  a  certain  extent,  the  dependence  of  the  radi¬ 
onuclide  production  on  the  charge  and  mass  numbers  is 
similar  to  that  one  on  the  projectile  energy  Eq  in  the  proton- 
nucleus  and  nucleus-nucleus  collisions.  So,  the  problem  of  d^ 
calculation  splits,  schematically,  into  two  stages. 

At  first,  the  direct  Monte-Carlo  simulation  is  made  of 
the  induced  radioactivity  generation  of  a  given  target  bom¬ 
barded  with  protons  of  the  same  energy  Eq  per  nucleon.  The 
key  results  are  the  dose  rates  ^d^  and  ^dp  of  induced  y- 
radiation,  caused  by  the  primary  protons  and  secondary  had¬ 
rons  correspondingly. 

At  the  second  stage,  using  the  ^dp  and  ^dp  values  and 
considering  the  peculiarities  of  particle  production  in  the 
inelastic  nucleus-nucleus  collisions,  the  dose  rates  are  ob¬ 
tained  of  the  induced  y-radiation  that  arise  from  the  primary 
nuclei  their  fragments  and  secondary  hadrons  ^d^. 
Such  a  division  of  the  total  value  d^  into  three  components 
^dx,  ^dA,  and  ^d^  is  reasoned  by  the  complicated  A-dependence 
for  the  specific  target  configuration.  In  the  case  of  a  thin  tar¬ 
get,  the  ^dA  brings  the  main  contribution  to  the  dA  but  in  the 
case  of  a  thick  target  and  light  projectile  nuclei  (A<12),  al¬ 
most  the  linear  dependence  on  A  is  observed. 

The  ^dA,  ^d^y  and  ^dA  calculating  technique  is  as  follows. 

1)  According  [2],  the  cross  section  Ga  of  a  radionuclide 
generation  in  a  nucleus-nucleus  collision  is  related  to  that  one 
<5p  for  a  proton-nucleus  interaction  up  to  a  factor  of  2: 
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where 


N  =  +  (A-lf^  0.078  (InA-r  - 1.85) 

and  At  is  the  atomic  weight  of  the  target  nucleus. 

Under  the  equal  volume  density  of  the  inelastic  nuclear 
interactions,  the  difference  of  the  residual  nucleus  produc¬ 
tions  results  from  the  different  relative  probabilities  of  their 
yield.  So,  the  ^(Ia  is  expressed  as 

+  %(r)=N%(r),  (1) 

where  r  is  the  radius-vector  of  a  space  point  at  which  the  y- 
field  functional  is  being  defined. 

2)  Considering  an  incident  A-nucleus  as  A  of  unbound 
nucleons,  the  dose  rate  caused  by  the  secondary  hadrons 
can  be  written  down  as 

'dA  (r)  =  A  %  (r). 

(2) 

3)  Under  the  nuclei  inelastic  interaction,  the  high- 
energy  components  of  the  intemuclear  cascade  are  generated 
not  only  at  the  fast  stages  of  the  process  but  also  during  the 
slow  decay  of  the  spectator  fragments  of  an  incident  nucleus. 
The  projectile  decay  by  the  competing  mechanisms  like  the 
multifragmentation,  evaporation,  fission,  leads  to  the  appear¬ 
ance  of  the  multicharged  particles  over  the  whole  allowable 
mass  range.  The  yield  of  the  particles-fragments  with  ener¬ 
gies  close  to  Eoy  that  differ  from  neutrons  and  protons,  is 
negligible.  The  dose  rate  of  the  y-radioactivity  induced  by  the 
spectator  nucleons  is  evaluated  according  the  relationship 

^dA  (r)  =  F(A,At)  %  (r)  =  F{A,At)  N°dp(r),  (3) 

where  F(AAt)  is  the  fragmentation  parameter  determined  as 
the  average  number  of  protons  and  neutrons-spectators,  that 
are  generated  in  an  individual  interaction  of  a  projectile  A- 
nucleus  with  a  target  Aj -nucleus. 

The  resulting  value  is 

dA  (r)  =  %  (r)  +  %  (r)  +  %  (r).  (4) 


Figure  2.  Dose  rates  at  position  #1,  /=13  cm,  lead  target. 
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Figure  3.  Dose  rates  at  position  #2,  /=13  cm,  lead  target. 

IIL  RESULTS  AND  DISCUSSION 

Experimental  results  presented  at  figures  2-4  are  the 
time-dependent  exposure  dose  rates  by  the  induced  radioac¬ 
tivity  of  the  lead  target  irradiated  with  protons  and  nuclei 
at  Z=13  cm  and  various  configurations  (see  table  1  for  the 
dose  rate  d^c/dp  ratios).  The  indicated  error  is  the  monitoring 
inaccuracy  that  does  not  exceed  10%.  The  additive  error  of 
the  y-irradiation  dose  rate  has  the  systematic  nature  and  is 
less  than  15%. 

Table  1.  Ratio  of  dose  rates  caused  by  the  induced  ra¬ 
dioactivity  of  the  targets  bombarded  with  nuclei  and  protons. 


Figure  4.  Dose  rates  at  position  #3,  /=13  cm,  lead  target. 
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Figure  5,  Dose  rates  at  position  #1, 1-23  cm,  copper  target. 
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Figures  5  and  6  show  the  experimental  data  and  simu¬ 
lation  results  of  the  exposure  dose  rates  in  dependence  on 
time  at  Z=23  cm  and  points  1  and  3  respectively  for  the  copper 
target  irradiated  by  protons  and  nuclei  '^He  and  The  cal¬ 
culated  values  dp  are  obtained  with  Monte-Carlo  method  and 
the  dA  ones  -  according  to  the  formulae  (l)-(4). 

The  proposed  transitional  formulae  give  results  that 
differ  from  the  experimental  data  not  more  than  25%.  It  is 
necessary  to  note  that  the  calculation  of  dp  value  (to  be  used 
later)  underestimates  it  by  30%.  Taking  this  into  account,  one 
may  expect  the  satisfactory  estimation  of  dA  values  at  transi¬ 
tion  on  (1)''(4). 

The  experimental  and  calculated  values  of  dA/dp  agree 
even  better  (see  table  1). 

The  above  relationships  leads  to  a  conclusion  that  for 
the  primary  nuclei  with  A<12,  the  dA  is  governed  by  the  ^dA 
value.  For  this  reason,  the  following  slightly  overestimating 
formula  is  allowable  when  the  extraction  of  components  ^dp 
and  ^dp  is  hindered: 


dA(rd)  -  Adp(r,t).  (5) 

The  presented  formulae  are  applicable  for  the  analysis  of 
the  long-life  component  of  the  induced  radioactivity  of  the 
thick  targets  with  diameter  and  thickness  <  2X  (X  is  the  ine¬ 
lastic  interaction  free  path)  and  light  nuclei  (A  <  12)  with 
energy  >  IGeV/nucleon. 

Due  to  the  complexity,  it  is  hardly  attainable  to  realize 
the  sufficiently  justified  direct  simulation  of  the  radionuclide 
production  for  nuclei.  So,  the  obtained  experimental  data  and 
derived  simple  relationships  can  be  useful  for  the  evaluation 
of  the  induced  radioactivity  levels  at  the  relativistic  nucleus 
accelerators. 
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ABSTRACT 

The  beam  abort  system  utilizes  a  single  turn  beam 
extraction  into  a  beam  dump  placed  outside  the  rings 
vacuum  chambers.  During  extraction  the  beam  is  deflected 
by  a  pulsed  dipole  magnet  and  is  scanned  across  an  exit 
window  and  the  dump  face  to  avoid  overheating  the 
materials.  The  system  is  designed  for  3  A  circulating  beam 
current  which  corresponds  to  200  kJ  of  stored  beam  energy 
in  the  High  Energy  Ring  at  9  GeV  [1]. 

1.  INTRODUCTION 

The  large  stored  energy  and  the  small  beam  size  in  the 
rings  represent  a  very  serious  challenge  for  the  machine 
protection  system.  Let’s  assume  that  the  entire  stored  beam 
strikes  a  single  spot  on  the  protection  device,  such  as  a 
collimator,  and  that  the  dumping  time  is  small  enough 
that  the  deposited  energy  will  not  diffuse  significantly 
during  this  time.  Then  a  local  pulsed  temperature  rise  5T 
will  create  stresses  in  the  collimator  material. 

The  conservative  estimate  of  the  thermal  stress  in  the 
solid  material  is  given  by  G=  OC  E  8T,  where  CL  is  the 
thermal  expansion  coefficient,  and  E  is  the  modulus  of 
elasticity.  It  is  assumed  that  for  reliable  operation,  stress  C 
should  not  exceed  half  of  the  tensile  strength  Ot  of  the 
material  O  <  O.SGt*  The  pulsed  temperature  rise  5T  can  be 
determined  on  the  basis  of  EGS  calculations  [2]. 

The  results  of  such  calculations  for  different  materials 
and  typical  High  Energy  Ring  beam  size  of  Gnns  =  0-35 
mm  are  shown  in  Table  1.  The  numbers  in  the  table 
represent  the  stored  9  GeV  beam  current  which  can  be 
dumped  in  the  collimator  with  the  stress  in  the  material  G 
=  0.5  Gt. 


Table  1 


Material 

Max.  beam  current 

Beryllium 

49  mA 

Graphite  UT’6ST 

120  mA 

Aluminum  AU5056 

27mA 

Titanium  Ti-6Al-4V 

49  mA 

_ Q2EESL _ 

L9mA 

The  data  in  Table  1  indicates  that  for  the  typical  PEP- 
II  beam  spot  size  (Grms  =  0*35  mm)  even  the  best  material. 
Graphite  UT-6ST ,  has  a  limit  which  is  more  than  an  order 
of  magnitude  below  desirable  level  of  3  A  stored  beam. 

The  adequate  solution  of  the  problem  will  be  a 
dedicated  beam  abort  system  which  can  handle  a  large 
stored  beam  energy  in  the  case  of  critical  equipment  failure 
or  a  human  error. 

11.  DESCRIPTION  OF  THE  SYSTEM 

The  abort  system  utilizes  a  single  turn  beam  extraction 
into  a  beam  dump  placed  outside  the  ring  vacuum  chamber. 
During  the  extraction  the  beam  scans  across  an  exit 
window  and  the  dump  face  to  avoid  overheating  the 
materials.  The  High  Energy  Ring  (HER)  and  Low  Energy 
Ring  (LER)  systems  are  practically  identical  and  designed 
for  3  A  circulating  beam  current  in  either  ring.  Due  to  the 
larger  stored  energy,  the  HER  system  is  more  demanding, 
and,  therefore,  is  described  below. 

The  dump  system  is  located  in  the  injection  straight 
with  the  extraction  kicker  placed  downstream  from  the  first 
upstream  injection  kicker  magnet.  The  dump  is  placed 
upstream  from  the  injection  septum  and  underneath  the  ring 
vacuum  chamber. 

The  beam  extraction  in  the  vertical  direction  is 
preferable  since  it  takes  advantage  of  the  large  horizontal 
beam  size  (Bx  =  25£y  for  uncoupled  beam).  The  phase 
advance  between  the  Idcker  and  the  dump  is  close  to  90®. 
The  large  values  of  the  p-  functions  at  the  dump  (  Px=40  m 
and  py=120  m)  help  to  minimize  the  extraction  kicker 
strengdi  [3]. 

The  following  considerations  have  been  taken  into 
account  to  determine  the  kicker  pulse  shape  and  geometry 
of  the  extraction  region  : 

a.  The  effective  beam  area  at  the  exit  window  and  the 
dump  should  be  at  least  A=50  mm^,  which  permits 
the  extraction  of  200  kJ  of  stored  beam  through  a  Al- 
5056  window  and  the  use  of  graphite  as  a  dump 
material. 


*  Work  supported  by  US  Department  of  Energy  under 
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b.  The  beam  should  be  ’’extractable"  to  the  dump  from 
any  vertical  orbit  at  the  dump  location  between  +20 
nun  and  -20  mm  relative  to  the  center  beam  trajectory 
(bumped  orbit  for  the  beam  injection  plus  7  mm  and 
central  orbit  minus  20  mm.) 

c.  The  vertical  distance  at  the  dump  location  between  the 

central  orbit  and  the  vacuum  chamber  wall  is  chosen 
to  be  35  mm,  or  12  Gy  for  the  beam  with  8y=37.5 
nm  rad.  plus  5  mm  orbit. 

d.  The  kicker  operation  synchronized  to  the  ion-clearing 
gap  should  provide  100%  stored  beam  extraction  into 
the  dump. 

e.  12  GeV  operation  of  the  HER  is  considered. 

The  geometry  of  the  dump  region  is  shown  in  Fig.l. 
The  size  of  the  aluminum  exit  window  along  the  beam  is 
not  critical  and  it  may  be  as  thick  as  1  cm  (-0.12  Xq  .)  The 
RF  taper  inside  the  ring  vacuum  chamber  can  be  made  of 
thin  (-1  mm)  aluminum  (-0.12  Xq  along  the  beam  for  1:10 
taper.)  The  longitudinal  space  for  the  dump  is  about  20  Xq 
of  graphite  or  4  m. 


Figure  1 :  Geometry  of  the  dump  region. 


The  shape  of  the  kicker  pulse  is  illustrated  in  Fig.2. 
The  scale  at  the  right  represents  the  beam  vertical 
displacement  at  the  exit  window.  The  rise  time  of  the 
kicker  current  from  zero  to  80%  is  equal  to  the  time  of  the 
ion-clearing  gap  To8=0.37  [isec.  The  beam  is  smeared 
vertically  at  the  distance  AY=17  mm,  and  effective  area  of 
the  beam  is  A=(27C  Ex  AY  =  60  mm^  (8x  =50  nm 
rad,  Px=40  m).  The  maximal  deflection  of  87  mm 
corresponds  to  the  kicker  angle  0max=l*5  mrad  and  the 
kicker  current  Imax=4.7  kA  at  12  GeV. 

In  the  case  of  a  random  kicker  trigger  in  respect  to  the 
ion-clearing  gap  (or  operation  of  the  machine  without  an 
ion-clearing  gap),  some  small  number  of  the  beam  bunches 


will  propagate  beyond  the  beam  dump.  In  the  worst  case, 
when  the  beam  is  aborted  from  the  injection  bump  orbit, 
approximately  3%  of  the  beam  bunches  will  continue  to 
propagate  in  the  vacuum  chamber  after  the  beam  dump. 
The  amplitude  of  the  vertical  betatron  oscillations  of  those 
3%  or  50  bunches  will  vary  from  zero  for  the  first  bunch  to 
Amax=14Gy  (£y=37.5  nm  rad)  for  the  last  one.  The 
effective  transverse  area  of  this  residual  beam  is  large 
enough  that  it  will  not  present  any  danger  to  the  integrity  of 
the  vacuum  chamber.  Since  the  aperture  of  the  vacuum 
chamber  is  at  least  10  Gy,  most  of  the  residual  beam 
bunches  (~36)  will  return  to  the  abort  kicker.  The  kicker 
magnetic  field,  after  one  beam  revolution,  is  still  strong 
enough  (-80%  of  Bmax)  to  deflect  the  returning  beam 
bunches  into  the  dump. 

l/lmax  y,  mm 


Figure  2:  Shape  of  the  kicker  pulse 

The  kicker  magnet  is  energized  by  the  discharge  of  a 
storage  capacitor.  A  free-wheeling  diode  connected  in 
series  with  a  large  low  voltage  capacitor  controls  the  long 
fall  time  of  the  current  pulse. 

An  additional  redundant  kicker  with  associated  pulser 
will  be  installed  in  the  close  proximity  (next)  to  the  first 
one.  The  trigger  for  the  second  kicker  is  delayed  7.33  |isec 
or  one  revolution  of  the  beam  from  the  first  kicker.  The 
redundant  system  insures  safe  beam  disposal  and  prevents 
possible  catastrophic  failure  of  the  machine  if  one  abort 
kicker  fails.  The  Beam  Abort  Systems  in  the  two  rings  will 
operate  independently. 
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ABSTRACT 

The  cryogenic  thermometers  used  in  superconducting  accel¬ 
erators  must  function  over  a  temperature  range  of  1.5  -  300  K 
in  very  harsh  environments  that  must  be  endured  for  the  life  of 
the  accelerator.  The  authors  prescribe  requirements  for  cryo¬ 
genic  thermometers  in  accelerator  installations.  Thermometer 
mounting  fixtures  used  in  the  Joint  Institute  for  Nuclear 
Research  “Nuclotron”  (JINR,  Dubna,  Russia)  and  the  Super¬ 
conducting  Super  Collider  (SSCL,  Dallas,  Texas,  USA)  are 
described.  Experimental  results  for  long-term  stability  of  some 
cryogenic  thermometers  and  basic  recommendations  for  appli¬ 
cations  in  large  superconducting  accelerator  systems  are  given. 

INTRODUCTION 

Operating  modem  superconducting  (SC)  accelerators 
requires  accurate  temperature  measurements  throughout  the 
system.  This  allows  the  possibility  to  (a)  monitor  and  safely 
control  cool-down  and  warm-up  of  large  mass  accelerator 
magnets,  (b)  locate  high  heat  leaks  and  minimize  them  during 
adjustment  of  new  accelerator  systems,  (c)  carry  out  thermal 
diagnostics  of  main  cryogenic  components  during  accidents, 
etc.  Several  peculiarities  must  be  recognized  for  correctly 
using  cryogenic  thermometers  in  SC  accelerators. 

(1)  Many  commercial  cryogenic  thermometers  carry  war¬ 
ranties  for  only  1  or  2  years  that  may  not  cover  the  harsh  condi¬ 
tions  found  in  accelerators.  Recalibration  or  verification  is 
typically  recommended  at  frequent  intervals. 

(2)  Accelerators  with  sizes  similar  to  the  Superconducting 
Super  Collider  (SSCL)  main  ring  and  High  Energy  Booster 
System  (HEB)  have  SC  magnet  lengths  of  10  km  and  87  km 
respectively,  requiring  20-50  thousand  cryogenic  thermome¬ 
ters.  Thermometers  are  expensive  and  requires  technicians 
with  highly  specialized  training.  Reducing  thermometer  costs 
is  possible  by  developing  a  thermometer  in-house  based  on  an 
inexpensive  electronic  component,  and  organizing  verification 
and  calibration  facilities  as  was  done  previously  at  the  ISA¬ 
BELLE  project  [1],  TEVATRON  at  FNAL  [2,3],  NUCLO¬ 
TRON  at  JINR  (Dubna,  Russia)  [4,5]  and  others  [6,7]. 

(3)  Very  harsh  conditions  exist  in  superconducting  accelera¬ 
tors  including  (a)  high  magnetic  field  up  to  6.6  T  [8];  (b)  high 
radiation  dosage  of  about  1000  Mrad  for  25  years  [8],  (c)  pres¬ 
sure  peak  in  helium  flow  during  quench  up  to  2-3  MPa  [9],  (d) 
heating  of  parts  (i.e.  beam  tube)  to  temperatures  of  420-450  K 
and  cooldown  to  4  K  and  lower,  (e)  high  voltage  electrical 
insulation  500-3000  V  for  thermometers  in  magnet  windings, 
during  quench  etc. 

THERMOMETER  REQUIREMENTS 

Some  principal  requirements  for  cryogenic  thermometers 
can  be  established  from  the  requirements.  Cryogenic  thermom¬ 
eters  must  (a)  Cover  wide  temperature  interval  1.5  -  450  K;  (b) 
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remain  stabile  for  25  -  50  years  better  then  0.02-0.03  K  (at  4.2 
K);  (c)  have  small,  (<  1%)  temperature  measurement  error  in 
magnetic  field  <  6  T;  (d)  be  resistant  to  ionizing  radiation  (dose 
<  1000  Mrad,  temperature  error  readout  <  1%);  (e)  have  small 
(<  1%)  error  for  pressures  up  to  3-5  Mpa;  (f)  have  high  sensi¬ 
tivity  (dR/dT)  particularly  in  1.5-10  K  range;  (g)  have  minimal 
response-time  (less  than  1  msec,  at  4.2  K);  (h)  be  completely 
interchangeable;  (i)  use  two  wire  readout;  (j)  be  resistant  to 
vibration,  shocks;  (k)  have  high  voltage  electrical  insulation 
(500-3000  V);  (1)  be  small;  (m)  be  readily  available  and  inex¬ 
pensive. 

THE  ‘‘OPTIMAL”  THERMOMETER 

Several  options  for  temperature  measurement  over  the  inter¬ 
val  1.5  K  -  300  K  using  d.c.,  a.c.,  and  pulse  measurement  tech¬ 
nologies  are  available.  Finding  an  “optimal”  sensor  is 
admittedly  an  impossible  task  since  no  known  thermometer  has 
all  the  best  characteristics.  The  choice  of  thermometer  and 
measurement  system  depends  on  a  number  of  factors,  includ¬ 
ing  the  required  precision,  cost,  speed  of  response,  sensor  size, 
etc.  Rubin  and  Brandt  [12]  described  the  characteristics  of 
some  thermometers  that  can  assist  in  the  selection  process. 
Comprehensive  cryogenic  thermometry  reviews  are  given  in 
[13,14].  Anderson  reviewed  commercial  carbon  resistors  used 
as  cryogenic  thermometers  for  over  twenty  years  [7]. 

In  superconducting  accelerators  cryogenic  thermometers 
must  be  resistant  to  ionizing  radiation.  S.Scott  Courts  et  all. 
irradiated  several  types  thermometers  at  room  temperature  by 
gamma  source  to  a  level  of  10  kGy  and  neutron+gamma  source 

to  a  fluence  of  8.6*10^^  n/cm^  [15].  In  general,  diode  ther¬ 
mometers  are  unsuitable  for  use  in  either  type  of  radiation 
environment.  For  gamma  radiation  carbon-glass  and  germa¬ 
nium  thermometers  performed  well  for  T  <  25  K  and  rhodium- 
iron  over  1.4  K  -  300  K.  In  neutron  +  gamma  radiation  the  car¬ 
bon-glass  thermometers  performed  best  at  lower  temperatures 
and  platinum  sensors  at  higher  temperatures. 

Allen  Bradley  (AB)  carbon  resistors  have  been  used  world¬ 
wide  as  cryogenic  thermometers  for  more  than  thirty  years 
because  they  have  high  sensitivity,  small  size,  and  very  low 
cost.  Wehr  et.  al.  irradiated  several  AB  resistors  at  4.6  K  in  a 

reactor  up  to  a  dose  of  3*  10^  r  gammas  and  thermal  and  fast 
(En=0.1  MeV)  neutrons  by  2.5  and  2.0*10^^  n/cm^  respec¬ 
tively  [16].  A  significant  increase  of  a  110  Ohm  AB  resistor 
firom  1500  Ohm  up  to  3100  Ohm  at  4.2  K  (dT  about  2.3  K)  is 
observed  after  irradiation.  Subsequent  annealing  to  240  K  low¬ 
ered  dT  to  1.6  K.  For  accurate  temperature  measurements  suffi¬ 
cient  radioactivity  decay  time  must  be  provided. 

For  the  last  18  years  at  JINR  a  new  type  of  commercial  car¬ 
bon-ceramic  resistor,  TVO  [4],  with  1000  Ohm  nominal  resis¬ 
tance  was  tested  and  is  now  widely  used  as  a  cryogenic 
thermometer.  They  possess  better  long  term  stability  character¬ 
istics  than  AB  resistors  as  well  as  a  low  price.  Several  TVO 
carbon-ceramic  sensors  were  irradiated  by  JINR  in  a  neutron 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


2034 


reactor  at  room  temperature  up  to  a  dose  of  8.6*10^  r/cm^  gam¬ 
mas  and  fluence  1.3*10^^  n/cm^  fast  (En=0.1  MeV)  neutrons 
[5] .  The  observed  shift  in  calibration  was  less  than  1  %  at  4.2  K. 
To  confirm  the  JINR  data  a  TVO  sensor  was  included  in  a  cold 
irradiation  experiment  conducted  by  LakeShore  Cryotronics 
and  Ohio  State  University  [5].  The  data  from  this  experiment 
show  that  after  gamma  doses  of  10  kGy  at  4.2  K  the  shift  in 
calibration  for  TVO  is  less  than  1%. 

LONG-TERM  STABILITY 

AB  0.125  W,  100  ohm  nominal  resistors  have  been  used  for 
10  years  in  large  cryogenic  systems  at  JINR.  The  temperature  - 
resistance  (T(R))  characteristics  showed  significant  changes 
(>2%)  after  1-3  years  particularly  when  mounted  on  cryogenic 
surfaces  in  a  vacuum.  After  several  cooldowns  to  4.2  K  over  6 
months  some  AB  resistors  increased  resistance  up  to  105  Ohms 
with  a  room  temperature  readout  dT  of  5-20  K.  Periodically  (3 
times  per  year)  10  TVO  are  tested  at  JINR  shows  high  level  of 
stability  with  <15  mK  shift  at  4.2  K  over  14  years[4]. 

At  the  SSCL  a  calibration  and  test  facility  was  organized 
and  supported  the  Accelerator  Systems  String  Test  (ASST). 
Significant  changes  in  AB  thermometer  calibration  was 
observed  in  thermometers  which  were  calibrated  and  mounted 
at  FNAL  on  support-tubes  of  323  dipole  magnet.  During  prep¬ 
arations  for  ASST  Run  #3  the  deviation  from  known  room 
temperature  of  AB  readout  was  -15  to  +67  K.  Our  SSCL 
research  with  several  of  100  Ohm  AB  showed  that  after  30 
thermal-cycles  the  T(R)  characteristics  shift  at  4.19  K  is  8  -  20 
mK,  at  77.2  K  is  0.6  -  3,2  K.  Instability  in  AB  carbon  resistors 
has  been  the  subject  of  a  number  of  reports  since  being  used  for 
cryogenic  thermometry  [7,17].  At  the  same  time  TVO  resistor 
testing  showed  a  shift  in  T(R)  after  30  thermal-cycles  at  4.19  K 
of  4  -  6  mK,  and  at  77.2  K  of  0.15  -  0.3  K. 

Three  runs  of  the  ASST  showed  some  problems  with  cap¬ 
suled  thermometers  mounted  in  the  liquid  helium  stream  in 
dipole  magnets.  During  Run  #1  after  a  quench  a  carbon-glass 
CGRl-1000  thermometer  suddenly  changed  calibration  at  4.19 
K  dT  of  72  mK  and  at  77.2  K  dT  of  7.45  K.  During  later  testing 
and  detailed  analysis  a  gas  leak  was  observed  from  thermome¬ 
ter  capsule.  The  quench  high  pressure  pulse  of  15-20  Bar  prob¬ 
ably  damaged  the  capsuled  thermometer  seal.  During  ASST 
Run#3  (17-Sept-93)  the  magnet  string  was  filled  with  liquid 
helium  without  flow  at  a  pressure  of  1 .22  Bar  corresponding  to 
a  saturation  temperature  of  4.42K.  The  16  CGR  thermometers 
in  the  cold  mass  showed  different  temperatures:  8  thermome¬ 
ters  differed  from  4.42  K  by  <10  mK,  and  8  others  differed 
from  0.1  -  to  a  few  K  indicating  possible  damage.  Differences 
were  observed  in  readings  of  intact  and  damaged  thermometers 
when  self-heated  by  high  measurement  current.  Also  during  a 
second  test  of  used  capsuled  thermometers  after  thermal 
cycling  significant  ac  noise  was  observed  below  8-9  K. 

APPLYING  CRYOGENIC  THERMOMETERS 

Even  with  quality  thermometry  high  accuracy  measure¬ 
ments  are  difficult  without  experience  in  thermometer  applica¬ 
tion.  Many  laboratories  around  the  world  invest  in  small 
installations  to  gain  experience  with  cryogenic  thermometers 
i.e.  mounting,  gluing  wires,  shielding  measurement  places,  etc. 


An  improperly  mounted  or  heat  sunk  thermometer  will  read  a 
temperature  contribution  from  the  electrical  leads.  Careful 
planning  with  regard  to  the  application  must  be  performed 
early  on.  It  is  recommended  to  have  an  accurate  thermal  model 
of  the  sensor  placement  and  a  method  for  in-situ  verification  of 
the  thermometer.  A  thermal  model  can  provide  a  necessary 
assessment  of  the  accuracy  of  the  temperature  measurement. 
As  an  example  of  a  thermal  model,  assume  a  thermometer  has 
a  resistance  of  10  kohms  at  4.2  K  and  is  mounted  on  a  surface 
at  4.2  K.  There  are  four  #32  AWG  leads  (total  cross  section  of 
0.051  mm^)  1  meter  long  going  to  the  thermometer  in  a  vac¬ 
uum  from  a  300K  connector.  The  sensing  current  is  10  micro 
Amperes.  Using  a  numerical  method  of  lines  (NUMOL)  solu¬ 
tion  as  discussed  for  power  leads  in  [10],  the  dependence  of  the 
error  on  contact  between  the  sensor  and  the  measurement  sur¬ 
face  can  be  evaluated.  The  error  due  to  contact  for  coefficients 
of  10000  W/cm^/K  and  100  W/cm^/K  based  on  lead  cross  sec¬ 
tion  are  0.0015  K  and  0.1516  K  respectively. 

The  determination  of  the  measurement  uncertainty  must  be 
performed  similar  to  [11]  and  used  to  guide  placement  and 
mounting  of  thermometers.  Results  in  [11]  for  the  ASST  show 
that  the  4K  heat  leak  across  a  single  dipole  magnet  15  meters 
long,  must  be  determined  from  small  temperature  differences 
of  10  -  50  mK.  High  accuracy  temperature  sensors  and  mount¬ 
ing  techniques  are  required  to  minimize  the  uncertainty  in  heat 
leak  measurements. 

In  addition  to  temperature  errors  from  improper  mounting 
techniques,  sensors  can  drift  from  their  initial  calibration.  It  is 
desirable  to  have  a  method  of  checking  /  verifying  thermome¬ 
ter  calibration  as  installed  (in  situ)  for  periodic  evaluation  of 
the  sensor  and  the  data  acquisition  system.  Redundant  ther¬ 
mometers  are  frequently  applied  to  accomplish  this.  It  may  be 
possible  to  re-calibrate  some  sensors  with  the  aid  of  thermal 
modeling  of  the  system  performance  used  with  measurements 
from  temporary  precision  instrumentation  over  large  sections 
(say  10  or  more  superconducting  magnets)  of  an  accelerator. 

Cryogenic  thermometer  mounting  may  be  performed  by 
personnel  with  limited  experience.  One  remedy  is  to  develop 
simple  thermometer  mounting  fixtures.  For  the  NUCLOTRON 
indirect  temperature  measurement  techniques  were  developed 
to  avoid  installing  thermometers  in  helium  flow  lines  eliminat¬ 
ing  many  vacuum  feedthroughs  reducing  the  possibility  of 
leaks.  The  mounting  fixture  for  a  helium  tube  is  shown  in  Fig¬ 
ure  1.  Twisted  wires  (8)  from  the  hermetic  connector  at  300  K 
sink  feed  into  the  screw-thermal  anchor  (9)  on  copper  plate  (6), 
which  is  soldered  on  He  tube  (7).  The  screw-thermometer  (2) 
measures  the  temperature  of  helium  tube  (7)  with  a  1-2%  error 
over  4  -  300  K.  The  thermometer  (3)  is  a  TVO  and  bifilar  wind¬ 
ing  (4)  using  a  special  technique  for  mounting  in  the  screw  (2) 
covered  by  a  copper  cover  (1).  All  surfaces  are  polished  and 
nickel  plated.  About  700  of  these  are  installed  in  the  NUCLO¬ 
TRON  on  helium  tubes  in  vacuum  space  and  have  performed 
well  for  over  5  years. 

For  the  SSCL  a  different  thermometer  mounting  fixture 
using  TVO  sensors  was  designed  and  installed  in  about  25 
locations  in  the  ASST.  The  fixture  for  a  helium  tube  in  the 
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interconnect  between  dipole  magnets  is  shown  in  Figure  2.  The 
thermometer  (1)  and  thermal  anchor  (2)  are  mounted  in  holes 
of  a  stainless  steel  plate  (3)  using  thermal-conducting  grease 

(9).  The  fixture  is  clamped  on  the  helium  tube  (8)  with  a  hose 
clamp  (5)  and  covered  by  multilayer  insulation  (6).  During 
ASST  Run  #3  this  fixture  measured  the  tube  temperature  to 
within  0.01  K  at  4.4  K  from  another  carbon-glass  thermometer 
mounted  nearby  in  the  magnet  cold  mass  in  the  liquid  helium 
stream.  These  were  also  installed  on  the  20  K  and  80  K  shields. 


Figure  1:  JINR  Thermometer  mounting  fixture 


Figure  2:  SSC  Thermometer  mounting  fixture 

CONCLUSIONS 

For  large  superconducting  accelerators  it  is  necessary  to 
have  a  small  group  of  highly  skilled,  professional  people  and  a 
calibration  and  test  facility.  This  group  should  design  special 
mounting  fixtures,  do  fiill  input  control  of  all  thermometers  in 
real  conditions,  test  and  analyze  damaged  thermometers, 
model  and  predict  future  characteristics.Thermometers  for 
superconducting  particle  accelerators  must  be  able  to  withstand 
very  severe  conditions  for  the  life  of  the  accelerator.  In-situ 
calibration/verification  techniques  using  advanced  thermal 
modeling  of  large  sections  of  particle  accelerators  can  be  used 
to  reduce  the  need  for  thermometer  replacement. 
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Abstract 

Conclusions  from  the  cryogenic  operation  of 
superconducting  cavity  modules  in  LEP  during  the  1994  run 
are  presented,  together  with  results  of  tools  and  procedures 
permitting  the  on-line  measurement  and  analysis  of 
radiofrequency  induced  losses,  as  seen  from  the  side  of 
cryogenics. 

1.  INTRODUCTION 

CERN  is  in  the  process  of  receiving  from  industry, 
equipping  and  installing  236  superconducting  (SC)  cavities  for 
the  energy  upgrade  of  the  LEP  collider.  The  current  status  and 
programme  of  this  LEP2  project  is  presented  elsewhere  at 
PAC95  [1].  The  situation  of  cavity  production  is  summarized 
by  E.Chiaveri  et  al.  [2]  and  the  good  progress  with  the  RF 
power  couplers  by  J.Tuckmantel  et  al.  [3];  the  latter  had 
become  a  critical  item  and  delayed  installation  during  recent 
years. 

The  present  paper  is  reporting  on  the  cryogenic  aspects  of 
operating  a  number  of  LEP2  cavity  modules  with  LEP  in 
1994,  is  then  analyzing  the  particular  question  of  how  well  the 
radio-frequency  (RF)  losses  in  the  cavities  can  be  monitored 
from  cryogenic  measurements  using  electric  heater 
compensation,  and  iunally  giving  an  outlook  to  further 
progress  expected  in  1995. 

11.  CRYOGENICS  OF  CAVITY  MODULES 

The  LEP2  SC  cavities  are  4-cell  cavities  with  a  sputtered 
niobium  layer  on  copper,  designed  for  352  MHz  fundamental 
mode  operation;  four  such  cavities  are  assembled  together  and 
installed  as  one  module  of  10  m  length,  with  common 
vacuum  tank  and  interconnected  stainless  steel  containers  for 
liquid  helium  (LHe)  bath  cooling  of  all  outer  cavity  surfaces. 
About  0.7  m^  of  LHe  is  necessary  to  fill  the  bath,  leaving 
only  some  0.1  m^  of  vapour  volume  in  a  manifold  on  top  of 
the  cavity  string;  there  the  liquid  level  is  kept  constant  (±10 
mm  in  height  or  ±  2  dm^  in  volume)  by  control  action  on 
the  supply  valve. 

As  up  to  9  cavity  modules  will  have  to  be  operated,  in  the 
final  LEP2  configuration,  in  parallel  between  vacuum 
insulated  supply  and  return  manifolds  in  each  straight  tunnel 
section  on  both  sides  of  the  LEP  interaction  points  2,  4,  6  and 
8,  the  right  level  must  be  maintained  in  each  bath  container  to 


separate  well  the  evaporated  gas  (GHe)  from  the  liquid  and  send 
only  gas  back  to  the  return  manifold.  Only  then  can  all 
modules  be  sufficiently  filled,  even  if  the  RF  load  is  pushed  to 
the  limit  of  the  re-liquefying  cryoplant. 

A  second  control  valve  is  installed  on  each  gas  return  line; 
it  is  part  of  another  control  loop  which  keeps  the  bath  pressure 
as  constant  as  possible  (±  2  mbar  around  1.25  bar  abs.);  this 
is  not  only  important  for  a  smooth  boiling  and  a  stable  load 
for  the  cryoplant,  but  also  to  avoid  de-tuning  of  the  cavity 
resonance  (typically  7  Hz/mbar)  and  interaction  with  RF  phase 
control. 

A  fraction  (typically  0.8  g/s  per  module)  of  the  evaporated 
GHe  is  used  for  cooling  heat  intercepts,  tuner  and  RF  coupler 
components  inside  the  modules  and  is  returned  to  the  cryoplant 
at  room  temperature.  Details  on  component  cooling  and  the 
static  (without  RF  load)  heat  load  of  LEP2  modules  are  given 
in  [4];  an  internal  helium  flow  scheme  can  be  found  in  [5].  A 
typical  static  heat  load  of  LEP2  modules  is  80  W  of 
refrigeration  @4.5  K,  and  the  warm  gas  return  is  seen  as 
"liquefaction’  load  with  equivalence  to  about  100  W  of  4.5  K 
refrigeration. 

The  RF  load  of  four  LEP2  type  cavities  for  352  MHz  is 
near  400  W  at  the  target  acceleration  field  of  7  MV/m  and  the 
reference  quality  factor  Q=  3.10^;  it  is  varying  with  the 
square  of  the  field  and  inversely  proportional  to  Q.  Most  of  the 
Nb/Cu  cavities  received  at  CERN  and  built  into  LEP2 
modules  could  be  conditioned  to  reach  more  than  7  MV/m  and 
achieve  Q=  >  3.2.10^  @6  MV/m;  they  are  expected  to  be 
operated  reliably  in  LEP  with  fields  of  typically  6  MV/m. 

III.  CRYOPLANTS 

Cooling  for  the  LEP2  cavity  modules  at  4.5  K  is  provided 
by  separate  large  cryoplants  of  12  kW  equivalent  cooling 
power  @  4.5  K  at  each  of  the  four  acceleration  points  of 
LEP2.  They  were  described  in  [6],  together  with  their  transfer 
line  system  for  the  cold  helium  distribution  to  the  cavity 
modules.  Commissioning  results  for  the  first  3  of  them  were 
given  in  [7]  and  the  control  system  was  presented  in  [8].  The 
specified  capacity  of  these  cryoplants  was  10  kW  refrigeration 
@4.5  K,  plus  13  g/s  liquefaction  rate  and  6.7  kW  of  50-75  K 
radiation  screen  cooling,  resulting  in  a  total  of  12  kW 
refrigeration  equivalent  at  4.5  K. 

All  four  12  kW  plants  are  commissioned  and  operational. 
The  cooling  performances  were  generally  as  specified  [4]  with 
excellent  overall  efficiency,  reliable  automatic  operation  and 
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good  power  saving  capability  for  part-load  operation. 
However,  under  the  pressure  of  competitive  tendering,  the  two 
suppliers  did  not  provide  much  spare  capacity  and  the  total 
cooling  power  values  achieved  are  generally  rather  at  the  low 
end  of  the  tolerance  band  with  typically  1 1.5  kW  @  4.5  K. 

Counting  0.5  kW  for  control  inside  the  plant,  0.8  kW  for 
about  800  m  of  supply  and  return  transfer  lines,  0.4  kW  for 
cooling  the  sc  low-6  quadrupoles  of  the  adjacent  experiment 
and  the  static  load  of  the  modules  mentioned  above,  on  average 
there  will  be  for  RF  related  dynamic  losses  a  4.5  K  cooling 
power  of  at  least  500  W  per  module,  if  not  more  than  14 
modules  are  opemted  at  each  LEP2  point,  and  only  some  350 
W  if  the  module  number  per  point  is  increased  to  18. 

With  series  installation  hopefully  starting  now  and  better 
statistics  on  average  field  limits  and  quality  factors  of 
modules  in  LEP,  the  ultimate  beam  energy  limit  of  LEP2  can 
be  anticipated  and  a  rational  decision  made  whether  a  possible 
upgrade  should  only  increase  the  module  number  or  also  boost 
cryoplant  performance,  e.g.  by  adding  compressors  for  more 
mass  flow. 

IV.  OPERATION  EXPERIENCE 

Table  1: 

Number  of  modules  and  cryogenic  operation  hours  in  LEP  in 
years  1990-1994,  with  projection  for  1995 


Year 

Number  of 

installed 

modules 

Cryoplant  & 
Point  ; 

cryo 

operation 

period 

1990 

1  @2 

1.2  kW  @2; 

5000  h 

1991 

3  @2 

1.2  kW  @2; 

5000  h 

1992 

2  @2 

6  kW@2; 

6200  h 

1993 

2  @2 

6kW@2; 

3800  h 

1  @6 

12  kw  @6 

1400  h 

1994 

2  @2 

6kW@2 

4600  h 

3  @6 

12  kw  @6 

1500  h 

1995 

8->16 

12  kW  @2,6 

12  kw  @8 

5000  h 

1500  h 

Experience  with  cavity  cooling  in  the  LEP  tunnel  started 
during  machine  runs  in  1990/91  with  prototype  modules  and 
a  refurbished  1.2  kW  refrigerator.  This  plant  has  been  phased 
out  and  operation  of  the  new  generation  of  large  refrigerators 
started  in  1992  with  modules  from  industry  and  a  6  kW  plant 
[5].  In  Sept.  1993  the  first  12  kW  plant  started  cooling  of 
cavity  modules  and  since  beginning  of  1995  the  second  12  kW 
refrigerator  replaces  the  6  kW  one.  A  varying  number  of 
modules  has  been  cooled  so  far  at  two  LEP  points.  At  present 
2  and  6  modules  respectively  are  operated  at  the  two  first  LEP 
points,  a  third  point  will  come  into  service  with  module 


installation  summer  1995  and  the  forth  from  spring  B96. 
Table  1  is  summarizing  this  history. 

The  process  control  system  of  the  LEP2  cryoplants  is 
programmed  for  fully  automatic  operation  of  the  whole 
system,  in  particular  for  automatic  cool-down,  restart  after 
utility  failures  or  adaption  of  the  plant  capacity  (by  varying 
compressor  pressure  and  switching  off  one  or  two  of  5)  to 
reduced  4.5  K  loads.  As  a  consequence  operator  interventions 
and  down-time  of  cavities  could  be  considerably  reduced  [5]. 
Reliability  turned  out  to  be  quite  high,  but  careful  preventive 
maintenance  on  all  components  and  follow-up  of  compressor- 
motor  alignment  and  vibrations  is  necessary. 


Figure  1:  Recording  over  2  h  of  bath  pressures  and  levels 
in  two  adjacent  modules  during  conditioning  of  one  module.  In 
the  centre  is  visible,  in  one  module  but  not  in  the  other,  a  heat 
spike  with  RF  cut  by  pressure  and  level  interlocks. 

V.  STABILITY  OF  CRYOGENICS  WITH 
VARYING  HEAT  LOAD  FROM  RF 

To  achieve  the  required  stability  (s.  chapter  II)  of  bath 
pressure  and  level  in  all  modules  with  many  interacting 
control  loops  also  in  the  cryoplant,  rapid  changes  of  dynamic 
heat  load  must  be  compensated  as  well  as  possible  directly 
inside  the  modules.  This  is  achieved  by  using  electric  heaters 
in  each  cavity  bath  to  which  at  zero  RF  a  pre-determined  heat 
load  is  applied  (in  50-150  W  range).  From  an  analog  signal 
proportional  to  the  varying  RF  level  the  control  system  is 
calculating  the  expected  RF  load  and  is  changing 
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instantaneously  the  heater  power  correspondingly.  If  the  right 
value  is  chosen  for  the  effective  Q  of  each  module,  even  drastic 
and  rapid  changes  of  the  RF  field  have  almost  no  influence  on 
bath  pressure  and  bath  level.  (Figure  1). 

The  position  of  the  cold  gas  return  valve  of  each  module 
bath  is  varying  with  gas  flow  and  thus,  if  stable  conditions 
are  maintained  on  the  supply  side,  is  directly  related  to  the 
total  heat  load  going  into  the  bath.  We  are  studying  and  will 
implement  algorithms  in  the  control  system  which,  during 
conditioning,  will  vary  the  Q  value  used  for  heater  control 
such  that  the  return  valve  is  kept  in  constant  position.  In  this 
way  the  effective  Q  value  of  the  module  can  be  monitored  and 
displayed  on-line. 

VL  EFFECTIVE  MODULE  QUALITY  FACTOR  Q. 


«  Q  measured  - Qcavity 

-  -  -  Qmax  -  -  -  Qmin 


1  - , - 1 - , - 1 - 1 

2  3  4  5  6  7 

Cavity  Field  (MV/m) 


Figure  2:  Comparison  of  average  Q  of  module  633.2 
measured  on  RF  test  bench  ( —  )  to  those  measured  from 
cryogenics  with  heater  compensation;  dotted  lines  give  error 
range  corresponding  to  ±  20  W  on  heater  power. 

Figure  2  shows  an  example  of  the  monitoring  of  the 
average  quality  factor  for  one  of  the  modules  operated  in  LEP 
in  1994.  Each  time  measurements  were  averaged  over  typically 
15  min,  and  quite  a  range  of  field  strengths  covered  between  2 
and  6  MV/m.  An  approximate  Q  factor  was  used  for  heater 
compensation  of  the  RF  load,  and  the  residual  movement  of 
the  gas  return  valve  corrected  off-line  on  the  recorded 
monitoring  data.  As  these  measurements  were  done  over  an 
extended  period,  no  identical  supply  conditions  could  be 
maintained,  with  varying  'flash'  gas  content  as  consequence  of 
temperature  changes  in  the  supply  manifold.  Nevertheless  good 
agreement  of  cryogenic  and  RF  measurements  was  observed. 
Due  to  the  quadratic  nature  of  losses  as  function  of  field 
strength,  cryogenic  measurements  cannot  provide  a  satisfactory 
precision  at  lower  fields. 


VIL  OUTLOOK 

During  the  current  operation  period  of  LEP,  we  shall  have 
for  the  first  time  at  one  of  the  LEP  points  two  strings  of  4 
modules  on  each  side  of  a  12  kW  cryoplant  and  have  a  chance 
to  operate  the  system  under  realistic  charge  conditions  with 
around  50%  of  the  final  load.  We  expect  then  not  only  to  be 
able  to  demonstrate  the  efficiency  of  our  automatic  procedures, 
but  also  be  able  to  monitor  continuously  cavity  module 
performances  on-line. 
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PRESSURE  MEASUREMENT  FOR  THE  UNK-1  VACUUM  SYSTEM 
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IHEP,  Protvino,  Moscow  Region,  142284,  Russia 


The  required  vacuum  10”^  Torr  at  the  UNK-1  will  be  pro¬ 
duced  by  3900  ion  pumps.  For  pressure  measurement  in  the  10“^ 
—  10“^  Torr  range  the  system  based  on  continouos  monitoring 
of  all  ion  pumps  currents  is  being  developed  as  a  part  of  vacuum 
instrumentation.  To  cover  such  a  range  Current  -  to  -  Frequency 
Converters  are  used  as  current  monitors.  Their  outputs  pass  to 
the  acquisition  electronics  packaged  into  Eurocard  style.  Crates 
are  distributed  over  14  surface  buildings.  This  presentation  fo¬ 
cuses  on  the  measurement  principle  and  the  major  electronics 
components. 

1.  INTRODUCTION 

In  the  UNK-1  ring  vacuum  chamber  of  20, 7  km  length 
the  required  working  pressure  has  to  be  of  the  order  of  10“^ 
Torr.  Such  a  vacuum  will  be  produced  by  3900  Ion  Pumps  (IP) 
located  at  distances  of  about  6  m  from  each  other  [?].  IP  Power 
Supplies  (  16  IPs  are  fed  by  1  HV  Power  Supply)  and  vacuum 
controls  are  distributed  over  14  surface  buildings.  As  a  part 
of  vacuum  instrumentation  the  pressure  monitoring  within  the 
10“^  —  10“^  Torr  range  is  being  developed.  It  will  be  based  on 
the  IPs  current  measurement  to  simplify  the  hardware  and  to  get 
adequate  spatial  resolution.  This  paper  describes  the  principle 
of  the  measurement  and  the  major  hardware  components. 

IL  GENERAL  DESCRIPTION 

A  layout  of  the  measuring  electronics  belonging  to  one 
of  the  surface  buildings  is  given  in  the  Fig.l.  The  measured 
currents  which  vary  from  a  few  hundreds  of  nanoamperes  to 
tens  of  microamperes  are  picked-up  by  current  sensors  (CS) 
and  processed  by  Current-to  Frequency-Converters  (CFC).  The 
latters  are  directly  connected  to  the  HV  circuitry  and  are  fed  by 
floating  Power  Supplies.  The  CFC  output  pulses  are  decoupled 
from  the  high  voltage  platform  by  means  of  Diode  Optoelectric 
Couple  (DOC). 

Each  group  of  32  CFC  outputs  are  multiplexed  to  one  chan¬ 
nel  of  16-channel  16-bit  Scaler.  Gating  time  is  0.1  s,  so  scan¬ 
ning  period  is  3.2  s.  Such  a  time  resolution  allows  to  monitor 
dynamic  pressure  effects,  f.e.  ’’pressure  bumps”  created  by  cir¬ 
culating  proton  beam.  In  addition,  certain  segmentation  of  the 
input  channels  is  foreseen  for  sophisticated  investigations.  The 
electronics  is  under  control  of  the  Single  Board  Microcomputer 
(SBC)  integrated  in  the  UNK  Control  System  [?]. 

The  pressure  at  a  monitored  point  of  the  vacuum  chamber 
can  be  calculated  as: 

P  =  [Torr] 


where  : 

N  —  count  of  scaler  for  the  gating  time 
K  —  factor  of  the  corresponding  IP  determined  by 
effective  pumping  speed  {Torr  •  Hz/ A) 

S  —  CFC  conversion  sensitivity  {Hz/ A) 

Factor  lOaccountsforO.l  sgatingtime.  CFCs  are  installed  in  the 
IP  Power  Supply  racks,  the  rest  of  the  electronics  are  Eurocard 
modules. 

III.  COMPONENTS 

Current  Sensor  is  a  resistor  current  divider  with  a  transfer 
coefficient  of  0. 1.  While  pumping  down  and  when  bad  vacuum 
occurs  the  IP  current  can  increas  abmptly.  To  protect  the  mea¬ 
suring  circuitry  the  bypassing  Zener  diodes,  having  sufficient 
power  consumption  and  low  leakage  current,  are  incorporated. 
The  diodes  allow  also  to  keep  normal  operating  the  IPs  in  these 
cases. 

The  current  -  to  -  frequency  conversion  is  based  on  the 
well-known  principle  described  in  [?].  In  this  case  the  output 
frequency  is  expressed  as 


where : 

lin  —  input  current 

Fc/^s  —  conversion  sensitivity  S 

Fc  —  clock  frequency 

Is  —  compensating  standard  current. 

Realization  of  such  a  principle  ensures  the  high  stability  of 
the  conversion  sensitivity.  As  a  result  the  CFC  routine  calibration 
can  be  avoided.  In  addition,  common  clock  gives  opportunity 
to  get  low  spread  in  values  of  conversion  sensitivity.  The  CFC 
parameters  are: 


-  conversion  sensitivity 

10" 

Hz/A 

-  temperature  coefficient 

of  the  conversion  sensitivity 

0.001 

ipc 

-  additive  error 

10 

pA 

-  clock  frequency 

1.2 

MHz 

The  output  pulses  are  transmitted  via  40  m  twisted  pairs 
to  Pulse  Shapers,  whose  TTL  outputs  are  connected  to  inputs 
of  multiplexer  (MUX)  and  counted  by  the  scaler.  For  =  1.2 
MHz  Fo  doesn’t  exceed  600  KHz,  so  maximum  count  is  60, 000. 
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Fig.  1  Block  Diagram  of  the  Ion  Pump  Currents  Insfrumenfation  of  the 

UNK-1  Vacuum  System. 

IV.  REFERENCES 

[1]  G.G.  Gurov.  UNK  Status  and  Plans,  In  these  Proceedings. 

[2]  V.N.  Alferov  et  al.  The  UNK  Control  System,  In  Proceed,  of 
PAC’91,  San  Francisco,  California,  May,  1991. 

[3]  A.  Bengt.  Electron  Design,  1973,  21,  Nb.23. 


2041 


TOTAL  PRESSURE  MEASUREMENTS  IN  THE  ELETTRA  STORAGE 
RING  ACCORDING  TO  THE  PERFORMANCE  OF  THE  SPUTTER-ION 
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Abstract 

In  the  storage  ring  and  the  transfer  line  of  the  Elettra 
synchrotron  radiation  facility  the  total  pressure  measurements 
are  not  only  performed  by  cold  cathode  gauges  which, 
however,  suffer  from  known  start  up  problems,  but  also  by 
utilising  the  electrical  discharges  of  sputter  ion  pumps  (SIPs). 
The  throughput  Q  of  a  SIP  is  proportional  to  the  ion  current  I 
and  the  real  current  is  considered  constant  at  each  applied 
voltage.  In  this  case  the  current  I  [A]  absorbed  in  the  pump  is 
proportional  to  the  pressure  P  [mbar] ,  I  =  K  P^,  where  K  and 
n  are  constants  depending  on  the  nominal  pumping  speed  and 
have  to  be  specified  for  each  applied  voltage.  The  system 
developed  in  our  laboratory  allows  to  supply  up  to  8  SIPs 
using  one  power  supply.  The  absorbed  current  for  each  pump 
can  be  measured  and  an  automatic  current  to  pressure 
conversion  made.  This  system  was  calibrated  in  the  UHV 
pressure  range  for  45,  120,  400  and  900  1/s  SIP’s,  and  was 
succesfully  tested  during  the  commissioning  of  Elettra. 

1.  SPUTTER-ION  PUMP  DESIGN 

The  sputter  ion  pumps  are  designed  such  that  an  electrical 
discharge  occurs  between  the  anode  and  the  cathode  at  a 
potential  of  several  thousands  of  volts  in  a  magnetic  field  of  a 
few  thousand  gauss.  According  to  the  standard  theory  of  ion 
pumps  the  throughput  Q  is  proportional  to  the  ion  current  I 

Q  =  kl  (1) 

The  current  measured  in  the  pump  is  due  to  the  positive  ion 
collected  at  the  cathode.  Collected  ions  -  besides  other 
secondary  effects  -  could  cause  two  main  phenomena: 
sputtering  of  cathode  material  and  induced  emission  of 
electrons.  It  means: 

^(measured)  “ 

where  I^  is  the  positive  ion  current  and  I  is  the  electron 
current.The  amount  I  is  a  function  of  the  number  of  incoming 
ions  I^  and  their  energy.  The  higher  the  applied  voltage,  the 

higher  the  ions  energy,  and  the  higher  the  number  of  emitted 
electron  per  incident.  The  real  ion  current  can  be  considered  as 
a  constant  at  each  applied  voltage.  In  this  case  the  current  I  [A] 
absorbed  in  the  pump  is  proportional  to  the  pressure  P  [mbar]: 

I  =  K  P"  (3) 

where  K  and  n  are  constants  depending  on  the  nominal 
pumping  speed  of  the  pump  and  have  to  be  specified  for  each 
voltage. 


3.  ELECTRONIC  CIRCUITS 

3.1  The  block  diagram. 

The  SIPs  are  connected  to  the  Power  Supply  (PS)  as  it  is 
shown  in  fig.l.  The  PS  has  two  modes  of  operation:  Start  and 
Protect.  In  Start  mode  the  PS  supplies  a  fix  output  voltage  of 
-7  kV.  In  Protect  mode,  that  is  the  recommended  operation 
mode,  the  PS  decreases  its  output  voltage  in  two  steps,  at  first 
to  -5  kV  and  later  to  -3  kV,  according  to  the  current  absorbed 
by  SIPs;  as  lower  is  the  absorbed  current  as  lower  is  the 
output  voltage.  This  mode  of  operation  improves  the  pumping 
speed  at  low  pressures  and,  minimising  the  leakage  current 
inside  the  pumps,  assures  more  accurate  current  measurements. 
The  High  Voltage  (H.V.)  output  power  of  the  PS  is  split  to 
the  SIPs  by  means  of  shunt  resistors  which  convert  the 
current  absorbed  by  SIPs  into  voltage. 


Each  shunt  resistor  is  mounted  in  a  current  measuring  board 
(CMB),  this  card  converts  the  input  signal  which  will  be 
collected  to  the  control  system.  The  shunt  resistor  signal,  in 
fact,  is  referred  to  the  H.V.  potential  (up  to  -7  kV).  At  first  the 
input  voltage  is  converted  into  a  frequency  by  means  of  a 
voltage  to  frequency  converter  integrated  circuit  (V/F),  and 
later  the  signal  is  transformed  in  a  TTL  ground  referred  form 
by  means  of  a  15  kV  of  electrical  insulation  optocoupler.  The 
CMB  cards  are  mounted  in  the  H.V.  distribution  box  and  are 
supplied  by  the  CMB  power  supply.  This  one  is  a  double 
power  supply  which  has  one  normal  output  of  +5  V  to  supply 
the  ground  referred  side  of  the  card,  and  one  +/- 15  V  output  to 
supply  the  H.V.  side  of  the  card.  This  side  is  floating  on  the 
-7  kV,  so  a  high  voltage  insulation  transformer  is  used.  The 
output  signal  of  the  CMB  goes  into  the  home  made  interface 
boards  (IB),  it  accepts  up  to  eight  channels  from  the  same 
amount  of  CMB.  The  IB  is  installed  on  a  VME  crate  and  it  is 
totally  optoisolated  from  the  VME.  The  IB  also  drives  the 
input/output  of  the  PS  and  is  connected  to  a  TSVME405 
THEMIS  board  (TB),  which  is  really  the  board  which  transfers 
the  data  to  the  VME.  More  details  about  the  VME  hardware 
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and  software,  and  about  data  transmission  from  it  to  the 
control  room,  are  explained  in  the  ref.L  In  the  control  room 
the  pressure  values  for  each  vacuum  sector  are  displayed  on 
monitors,  in  fig.  2. 


fig  2  -  Pressure  profile  of  the  transfer  line 

Each  dot  represents  one  SIP,  clicking  on  it  the 
identification  name  of  the  pump  and  its  actual  value  of  the 
pressure,  are  displayed  in  the  window.  The  diagram  shows  the 
transfer  line  vacuum  profile  when  a  leak  occurred  in  the  beam 
stopper.  The  interlock  system  automatically  closed  the  valves 
in  about  four-to  five  seconds,  to  prohibit  the  pressure  increase 
to  propagate  down  the  vacuum  tube.  From  the  pressure  profile 
it  is  possible  to  discover  immediately  the  vacuum  problem. 
The  updating  of  all  diagrams  is  done  every  twenty  seconds.  It 
is  also  possible  to  open  a  panel  which  shows  for  each  SIP  the 
pressure,  the  applied  voltage  and  the  timing  signal, 
corresponding  to  the  absorbed  current. 

3.2  The  Current  Measurements  Board. 

We  designed  all  the  pressure  measuring  system. considering 
that  the  operating  pressure  is  from  10'^  to  10’^  mbar.  The 
chosen  V/F,  works  in  six  decades  of  conversion.  The  upper 
value  is  limited  by  the  15  V  of  supply  voltage  of  the  V/F, 
such  the  theoretical  lowest  limit  is  150  ^iV.  A  120  1/s  SIP, 
absorbs  about  10  |iA  at  the  pressure  of  2x10  ®  mbar,  choosing 
a  10  kQ  shunt  resistor  the  input  voltage  at  this  pressure  is 
100  mV.  It  means  that  the  upper  limit  of  the  measurement  is 
about  2x10'^  mbar  (about  1,4  mA  of  absorbed  current 
corresponding  to  14  V  of  input  voltage).  The  lowest  value  is 
limited  by  the  noise,  we  can  measure  up  to  100  |iV,  equal  to 
10  nA  of  absorbed  current.  The  theoretical  corresponding 
pressure  is  in  the  range  of  10”^^  mbar,  but  in  this  range  the 
expression  which  correlates  absorbed  current  versus  pressure  is 
not  very  reliable.  However,  all  SIPs  were  calibrated  up  to 
about  5x10'^^  mbar,  according  to  the  lowest  limit  of  the 
Penning  gauge  IKR  20  connected  with  a  triaxial  cable.  This 
pressure  range  from  10'^  mbar  to  10"^^  mbar  is  more  than 
sufficient  for  our  purposes.  In  the  transfer  line  the  pressure  is 
about  one  decade  higher  than  in  the  storage  ring,  so  the  shunt 
resistor  is  1  kQ,  to  shift  also  the  range  of  measurements.  The 
output  of  the  V/F  is  a  pulse  series  of  about  eight  |xs  of 
duration.  This  frequency,  depending  linearly  by  input  voltage 
is  calibrated  to  100  kHz  full  scale,  corresponds  to  the  lOV  of 
input.  This  signal  drives  the  LED  of  the  optocoupler,  the 
output  is  referred  to  the  ground  and  finally  goes  out  of  the 
CMB  via  a  quad  TTL  driver.  The  signal  is  split  in  four 
channels;  three  of  these  are  used  as  auxiliary  outputs  and  one 
for  the  measurements.  The  schematic  block  of  the  CMB  is 
shown  in  fig.3. 


fig.  3  -  Simplified  schematic  diagram  of  the  CMB 


3.2  The  Interface  Board  and  the  THEMIS  Board 

The  TB  has  four  timers  and  88  configurable  digital 
input/output.  Each  timer  is  separately  controlled  by  others  by 
means  of  its  own  I/O.  The  IB  has  a  multiplexer  to  permit  the 
interfacing  of  its  eight  channels  to  the  only  four  channels  of 
the  TB.  The  IB  consists  principally  of  a  FLIP/FLOP  sequence 
which  synchronises  the  following  data:  i)  a  pulse  from  the 
CMB  (asynchronous),  ii)  a  measure  call  from  TB,  Hi)  a  VME 
clock  that  is  divided  into  16  by  the  same  IB,  before  it  is  used  . 
In  practice  the  TB  transfers  a  measuring  call  from  VME  bus  to 
the  IB,  it  waits  for  a  synchronising  process,  and  counts  how 
many  1  MHz  pulses  can  stay  between  two  pulses  from  CMB; 
at  the  end  of  the  second  pulse  IB  gives  back  a  stop  count 
signal  to  the  TB.  To  inhibit  further  measurement  calls  during 
all  the  time  of  this  process,  a  busy  signal  is  sent  to  TB.  Other 
functions  of  the  IB:  i)  a  conversion  of  an  analog  signal  from 
PS  concerning  its  actual  value  of  the  output  voltage  into  a 
digital  one  (this  data  is  necessary  for  the  current  versus 
pressure  calculations),  ii)  interfacing  by  means  of  optocouplers 
all  the  input  /output  of  the  PS. 

3.3  Auxiliary  function. 

The  other  three  auxiliary  channels  of  the  CMB,  are  used  as 
follows:  one  for  the  interlock  system,  one  for  a  local  control 
by  means  of  a  BNC  output  and  the  third  is  for  local  control  by 
means  of  a  LED.  The  signal  for  the  interlock  system  goes  in 
an  alarm  boards.  The  alarm  boards  uses  the  same  V/F 
integrated  circuit  of  the  CMB,  to  reconvert  the  input  signals 
back  into  the  voltage.  In  the  same  card  a  comparator  with  an 
adjustable  threshold  gives  an  output  signal  when  the  input 
signal  (pressure)  is  too  high.  The  interlock  system  collects  all 
these  outputs.  Following  some  software  instructions,  if  there 
is  a  dangerous  pressure  alarm,  it  sends  back  a  closure 
command  to  the  vacuum  valves.  In  practice,  according  to  the 
vacuum  conditions,  the  action  of  the  interlock  consists  of  the 
closure  of  some  valves  to  separate  the  part  of  the  chamber 
where  a  leak  is  detected.  The  BNC  output  is  useful  for 
maintenance  and  for  repairing  operations.  The  last  auxiliary 
output  drives  a  LED;  the  LED  is  on  the  front  panel  of  the 
CMB,  and  blinks  at  each  pulse.  During  the  shut  down  period, 
when  no  beam  is  accumulated,  the  pressure  in  the  storage  ring 
is  so  low  that  the  CMB  are  in  overflow.  In  that  case  all  the 
LEDs  are  switched  off  or  are  blinking  slowly.  It  is  possible  to 
make  a  fast  but  very  useful  test  about  vacuum  conditions  - 
simply  by  walking  around  the  ring  and  looking  at  the  vacuum 
racks  -  if  one  or  more  LEDs  are  blinking  too  fast  or  are 
completely  switched  on  there  is  certainly  something  wrong  in 
the  vacuum  chamber  or  in  the  pumping  system. 
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4.  CALIBRATION  PROCEDURE 


The  transfer  line  of  Elettra  is  pumped  by  twelve  45  1/s 
SIPs  and  the  total  pressure  can  be  measured  by  fourteen  cold 
cathode  Penning  gauges.  The  storage  ring  is  pumped  by  24 
400  1/s  SIPs  and  by  118  120  1/s  SIPs  and  two  900  1/s  SIPs 
pump  the  septum  tank,  which  is  a  part  of  the  storage  ring. 
The  pressure  in  the  bending  magnet  vacuum  chamber  is 
measured  by  24  cold  cathode  gauges  installed  close  to  the  400 
1/s  SIP.  In  total  22  Penning  gauges  are  mounted  in  the 
rhomboidal  electron  vacuum  chamber  in  different  positions. 
This  arrangement  allows  verification  of  the  pressure  profile  in 
the  ring  at  various  stored  beam  currents  and  energies.  During 
the  first  week  of  commissioning  the  pressure  measurements 
according  to  the  current  absorbed  by  the  pumps  were  not 
successful.  The  big  discrepancy  between  the  gauge  values  and 
the  pressures  calculated  according  to  the  equation  (3)  with 
constants  recommended  by  Varian  can  be  explained  as  follows: 

i)  All  SIPs  are  modified  with  the  NEG  modules.  The  presence 
of  the  NEG,  which  was  partially  activated  during  the  bake  out 
of  the  pump  at  the  temperaturte  of  about  220“C,  changes 
pumping  conditions  in  the  pump  body  and  causes  a  decrease  of 
the  lowest  limit  of  the  absorbed  current. 

ii)  Eleven  of  Penning  gauges  were  installed  directly  over  the 
vacuum  chamber.  The  pressure  readings  were  disturbed  by 
photoelectrons  and  exceeded  lOO-s-lOOO  times  the  real  pressure 
value  in  the  chamber. 

Hi)  Some  of  electron  chamber  gauges  were,  due  to  assembling 
problems,  mounted  close  to  the  edge  of  the  bending  magnet 
coils.  The  external  magnetic  field  strongly  affected  those 
pressure  measurements  and  firstly  the  appropriate  shielding  has 
to  be  found  -  see  ref.[3]. 

Taking  into  account  the  above  mentioned  problems  only  13 
SIP+gauge  combinations  can  be  used  to  calibrate  the  400  1/s 
SIPs,  18  SIP+gauge  pairs  were  used  for  the  120  1/s  SIP  and 
only  three  gauges  are  installed  in  the  septum  tank  which 
allows  calibration  of  the  two  900  1/s  SIPs. 

The  calibration  was  performed  mostly  by  increasing  the 
pressure  from  10"^^  mbar  to  10“^  mbar.  In  this  pressure  range 
the  |li-8000  power  supply  works  with  -3  kV  and  -5  kV  of  the 
H.V.  output.  The  abnormal  pressure  was  generated  at  the 
beginning  after  a  small  accumulated  dose  only.  In  fig.  4 
theoretical  and  experimental  results  for  the  pumps  120  1/s  SIP 
are  presented.  The  complete  set  of  equations,  which  allows  to 
calculate  the  total  pressure  in  the  storage  ring  according  to  the 
current  absorbed  in  the  pump  is  as  follows: 

I  =  1850  P{exp  1.065}  SIP  45  1/s;  H.V.:  -3&-5  kV  (4) 

I  =  1590  P{exp  1.06}  SIP  120  ^s;  H.V.:  ~3&-5  kV  (5) 

I  =  1200  P{exp  0.99}  SIP  400  ^s;  H.V.:  -3&-5  kV  (6) 

I  =  1050  P  {exp  1.03}  SIP  900  1/s;  H.V.:  .3&-5  kV  (7) 

To  convert  the  timing  to  the  current  the  expression  I  = 
1/lOOxTiming  has  to  be  used  due  to  the  10  kQ  resistence  used 
in  the  PS  of  the  storage  ring  SIPs. 


fig.  4  -  Current  x  pressure  dependence  for  the  SIP  120 1/s 

5.  DISCUSSION  AND  CONCLUSIONS 

The  presented  system  seems  to  be  suitable  for  the 
pressure  measurements  especially  in  big  vacuum  systems.  In 
spite  of  above  mentioned  difficulties  during  calibration,  the 
pressure  profile  in  all  vacuum  sectors  of  the  Elettra  ring 
obtained  by  pump  pressure  readings  is  fairly  uniform  in  the 
range  8x10'^^  to  2.5x10"^  mbar.  The  pressure  readings  of  each 
pump  are  very  useful  also  in  the  lowest  pressure  range,  where 
only  the  "UHV"  value  can  be  read  on  the  power  supply 
display,  e.g.  the  measuring  system  overflows.  At  the  same 
time,  for  example,  from  six  120  1/s  SIP’s  supplied  by  the 
same  one,  the  following  timing  is  read:  142657,  283321, 
346112,  186632,  425113,  203664.  Then  the  sum  of  the 
pressures  calculated  by  equation  (5)  is  6.5x10'^®  mbar  which  is 
really  lower  than  the  lowest  pressure  of  8x10"^°  mbar,  which 
can  be  read  on  the  power  supply  display.  Penning  gauges  have 
some  problems  when  switching  on  and  during  the  start  of 
pressure  measurements  in  the  UHV  range  (below  10‘^mbar). 
A  similar  problem  can  occur  also  in  the  case  of  SIP's,  when 
the  discharge  current  is  too  low  and  unstable  at  very  low 
pressures.  This  inconvenience  can  be  simply  overcome  by 
changing  the  working  mode  of  the  power  supply  from 
"Protect"  to  "Start".  The  high  voltage  then  automatically 
increases  to  -7  kV,  the  discharge  current  is  higher  and  can  be 
maintained  returning  to  the  "Protect"  mode,  as  well. 

Our  system  was  not  calibrated  at  pressures  higher  than  1x10'^ 
mbar,  because  the  SIPs  are  switched  on  only  if  the  pressure  in 
the  vacuum  chamber  is  lower  than  this  value.  The  validity  of 
expression  (5)  was  checked  comparing  the  pressure  values  in 
the  RF  cavities,  where  pressures  were  read  by  Penning  gauges, 
with  the  pressures  calculated  from  the  timing  of  the  RF  cavity 
pumps.  The  gauge  values  are  always  slightly  higher  than  the 
values  obtained  by  the  SIP’s  reading,  which  is  consistent  with 
the  pressure  distribution  in  the  big  RF  cavity. 
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Insertion  Device  Vacuum  Chamber  for  the  ELETTRA  Storage  Ring 

J.  MDERTUSOVA,  N.  PANGOS,  Sincrotrone  Trieste,  Padriciano  99,  34012  Trieste  Italy 

Abstract  cross-section  with  a  cylindrical  ante-chamber,  as  it  is  shown  in 


The  first  four  insertion  device  (ID)  vacuum  chambers  (3 
for  the  undulators,  1  for  the  wiggler)  have  been  installed  in  the 
ELETTRA  synchrotron  radiation  facility.  Each  chamber  is  4.8 
m  in  length  and  has  a  rectangular  cross  section  with  a 
cylindrical  antechamber.  The  whole  system  is  pumped  by  four 
120  1/s  sputter-ion  pumps  of  nominal  pumping  speed.  The 
insertion  device  chambers  are  fabricated  from  stainless  steel 
ESR  AISI  316  LN  .  This  material  was  chosen  for  its  very  low 
relative  magnetic  permeability  (~  1.003),  its  high  yield  stress 
and  the  well  known  procedures  for  welding  and  cleaning. 
Vacuum  and  mass  spectroscopy  experience  during  the  first 
year  of  commissioning  is  presented. 

1.  INTRODUCTION 

Elettra  synchrotron  radiation  facility  has  been  built 
expecially  for  the  use  of  high  brilliance  radiation  from 
insertion  devices  ID.  The  storage  ring  of  260  m  in 
circumference  is  equipped  by  12  straight  sections,  one  is  for 
beam  injection,  1 1  are  for  IDs  beam  lines. 

An  austenitic  stainless  steel  ESR  AISI  316  LN  has  been 
chosen  as  the  material  of  the  vacuum  chamber,  for  its  low 
magnetic  permeability,  high  yield  stress  and  well  known 
welding  procedure.  To  minimise  synchrotron  radiation 
induced  desorption  as  well  as  thermal  outgassing.  All  vacuum 
components  were  carefully  cleaned  and  finished. 

In  this  paper  we  present  a  series  of  measurements  of  the 
outgassing  rate,  vacuum  performances  during  operation  (gap 
closure  at  different  beam  currents  and  energies)  and  results  of 
the  mass  spectroscopy  scanning.  Special  attention  was  paid  to 
manufacture  the  ID  vacuum  chamber,  all  steps  of  production 
were  carefully  checked  by  the  Quality  control  group  of 
Sincrotrone  Trieste. 

2.  VACUUM  CHAMBER  DESIGN  AND  MANUFACTURE 

Firstly  we  planed  to  use  the  NEG  St  707  strips  to  obtain 
and  to  maintain  UHV  conditions  in  the  ID  vacuum  chamber. 
However,  the  NEG  activation  at  450  "C  performed  serious 
problems  due  to  the  thermal  expansion  of  the  NEG  strips.  In 
fact,  some  short  circuits  were  formed  between  the  NEG  and 
the  chamber  walls.  The  theoretical  simulation  of  the  partial 
pressures  of  methane  and  noble  gases  (especially  Argon)  have 
also  shown  a  significant  pressure  increase,  because  of  a 
negligible  pumping  speed  of  the  NEG  for  these  gases. 

The  ID  vacuum  chamber  was  designed  in  our  laboratory  in 
collaboration  with  the  technical  office.  It  has  a  rectangular 


fig.  1. 


fig.  1  -  Cross-section  of  the  ID  vacuum  chamber 

The  whole  system  is  pumped  by  four  120  1/s  SIPs,  two 
pumps  are  installed  on  both  ends  of  the  chamber,  the  other 
two  are  proportionally  placed  in  between.  The  expected 
pressure  profile  which  should  be  obtained  after  about  50  Ahs 
of  conditioning  is  presented  in  fig.  2,  the  minimum  values  in 
this  graph  correspond  to  the  SIPs  position  [2]. 
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fig.  2  -  Theoretical  pressure  profile  in  the  ID  chamber 

Special  care  was  gives  to  fabricate  and  clean  all  stainless 
steel  components.  The  fabrication  procedure  was  following 
the  norm  ASME  II,  the  welding  procedure  was  performed 
according  to  the  norm  ASME  IX  and  radiographic  control  was 
made  following  the  norm  ASME  V.  All  components  were 
assembled  and  welded  in  a  clean  room.  More  details  can  be 
found  in  ref.  1. 

Internal  surfaces  and  welds  exposed  to  the  vacuum  must  be 
free  of  micro  inclusions  and  cracks.  Surface  roughness  must 
be  less  than  1  |im  and  free  of  oxides  and  impurities.  The  ID 
vacuum  chamber  (without  the  end  flanges)  was  carefully 
cleaned  and  finished  to  obtain  the  required  vacuum  level 
(<1x10'^^  mbar  without  the  beam). 
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A  complete  surface  treatment  included  the  following 
phases:  organic  solvent  degreasing,  ultrasonic  washing,  two 
phases  rinsing  (in  normal  and  in  demineralized  water),  drying. 
The  cleaned  ID  vacuum  chamber  was  than  pre-baked  and 
degassed  in  our  high  vacuum  oven.  Pre  baking  was  performed 
at  350  T  for  24  hours,  and  at  the  end  the  pressure  in  the  oven 
decreased  down  to  lx  10^^  mbar  range. 

Before  twelding  the  flanges,  the  chamber  was  treated  at 
temperature  of  450  '’C  for  2  hours  in  an  innert  gases 
atmosphere  to  stretch  all  welds  of  the  antechamber. 

3.  OUTGASSING  RATE  AND  MASS  SPECTRA 

The  specific  outgassing  rate  of  the  ID  vacuum  chamber 
was  measured  and  verified  at  different  well  defined  vacuum 
conditions.  To  evaluate  the  specific  outgassing  rate  qj^  the 

expression 

qj^  =  (P^.P2)2C/BL  (1) 


where  Pj  and  P^  are  pressures  at  both  ends  of  the  chamber,  B 

and  L  are  the  perimeter  and  length  of  the  chamber, 
respectively,  C  is  the  conductance  in  1/s. 

After  delivery,  the  chamber  was  equipped  with  the  two 
central  SIPs,  on  the  one  side  the  turbo-pump  Seiko  was 
installed,  and  the  opposite  end  was  connected  with  the  fore¬ 
vacuum  pump.  After  6  hours  of  pumping  the  equilibrium 
pressure  of  2,6x10'^  mbar  and  1.2x10'^  mbar  was  reached  at 
the  ends  of  the  chamber.  In  the  mass  spectrum  scanned  at  this 
condition,  the  mass  peaks  of  hydrocarbons  and  water  were 
enormous.  The  corresponding  specific  outgassing  rate  was 
6x10"^®  mbar.l/s.cm^. 

Then  the  ID  vacuum  chamber  was  baked-out  at  230  T  for 
36  hours.  At  the  maximum  temperature  the  pressure  exceeded 
the  10'^  mbar  leveld. 

In  fig.  3  the  mass  spectrum  scanned  at  the  temperature  of 
175  T  is  shown. 


In  spite  of  carefully  performed  cleaning  the  hydrocarbons 
and  water  peaks  were  still  present.  Only  after  prolonging  the 
bake-out  and  the  subsequent  cooling,  these  unwanted  peaks 
disappeared  and  the  ultimate  pressure  of  1.2xl(J^  mbar  was 


achieved.  The  corresponding  outgassing  rate  was  then  2x10"^^ 
mbar.l/s.cm^ .  After  the  baking  procedure  all  the  dimensions  of 
the  chamber  were  precisely  measured,  the  chamber  was 
perfectly  alligned  with  the  acceptable  tolerance  of  0.2  mm. 


fig.  4  -  Mass  spectrum  scanned  at  room  temperature 

The  ID  vacuum  chamber  heated  and  degassed  in  this  The  installation  of  the  chamber  in  the  storage  ring  was 
manner,  was  than  saturated  by  dry  nitrogen,  closed  with  the  done  under  a  continuous  flow  of  dry  nitrogen,  and  a  bake-out 
flanges  and  transported  into  the  tunnel.  in  situ  was  performed. 
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During  the  in  situ  bake-out  the  maximum  temperature  of  maintained.  The  specific  outgassing  rate  in  10"^^  mbar  .1/s.cm 
180  "C  was  kept  for  36  hours.  When  the  chamber  was  cold  range  was  achieved  and  a  very  clean  vacuum  was  obtained  - 
and  through  the  ID  valves  connected  with  the  rest  of  the  ring,  see  fig.  5 
the  equilibrium  pressure  in  the  10"^®  mbar  range  was 


fig.  5  -  Mass  spectrum  at  the  equilibrium  pressure  of  3.6e-10  mbar  in  the  ring 

4.  CONCLUSIONS 


The  ID  chamber  conditioning  has  been  done  in  two  steps: 
at  the  beginning  the  gap  of  the  ID  magnets  was  opened  to  the 
maximum.  The  pressure  in  the  chamber  with  increasing  beam 
current  firstly  exceeded  more  than  one  decade  the  pressure  in 
the  rest  of  the  ring.  After  about  30  Ahs  of  conditioning  the 
pressure  profile  became  uniform.  The  second  step  of 
conditioning  started  by  closing  the  gap  of  the  ID  magnets. 
Especially  in  case  of  the  wiggler  the  photodesorption  was  very 
pronounced  and  it  caused  lifetime  drop  as  shown  in  fig.  6. 
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For  the  vacuum  performance  of  our  ID  vacuum  chamber, 

can  be  concluded: 

1.  it  is  very  important  to  perform  careful  manufacturing  and 
cleaning  of  the  ID  vacuum  chamber,  following  the 
technical  norms  and  standards, 

2.  the  ultimate  pressure  in  the  10"^®  mbar  range  can  be 
achieved  after  an  in  situ  bake-out,  the  desorption  yield  of 
1.5x10"^  mol/photon  can  be  obtained  after  approximately 
30  Ahs  of  conditioning  at  2  GeV, 

3.  no  special  difficulties  are  expected  from  the  vacuum  point 
of  view  with  the  small  gap  ID  vacuum  chamber  -  15  mm 
vertically  -  which  will  be  installed  in  the  near  future. 
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fig.  6  -  Pressure  and  lifetime  dependence  in  the  wiggler  during 
the  gap  closure 

This  effect  was  be  observed  only  for  a  short  time  and 
disappeared  after  3-5  of  the  gap  closures  (also  at  higher 
currents  and  energies).  The  pressure  in  the  ID  chamber  then 
became  lower  than  in  the  rest  of  the  ring. 
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An  overview  of  the  current  bellows  module  design  and 
performance  parameters  is  presented.  Performance 
requirements  based  on  external  chamber  design  constraints, 
and  operational  needs  are  discussed.  Parameters  include 
beam  impedance  of  the  RF  shield,  and  electrical  resistance 
of  the  shield  gap  joint.  Also  discussed  is  the  analysis  of  the 
high-current  thermal  management,  and  structural  and  cyclic 
behavior  of  the  bellows  and  RF  shield.  Experiments  of  the 
tribology  and  electrical  resistance  of  the  shield  sliding  joint 
are  summarized,  and  their  results  presented.  Existing  and 
new  design  options  are  discussed  in  light  of  the  analyses 
and  experiments.  The  final  design  is  presented  as  the 
optimal  compromise  between  the  varying  parameters. 


1.  ARC  CELL  DESIGN  INTRODUCTION 

The  PEP-II  High  Energy  Ring  (HER)  is  2.2  km  and 
stores  3000  mA  of  9  GeV  electrons[l].  The  HER  is 
hexagonal,  with  six  arc  regions  containing  16  cells,  each 
15.2  m  long.  A  cell  consists  of  two  dipole  magnets, 
separated  by  a  quadrupole/sextupole  doublet.  Figure  1 
shows  a  typical  half-cell: 


Corrector  ^  ^ ^ 

\  P1  Pumping  Dipole  Bend  Magnet 

Bellows  \  Quadrupole  Chamber  / 


B.P.M.  Sextupole  I  PI  Mask 

—  Quad  — —  Dipole  Chamber - 

Chamber  6-94  767iai 

Figure  1 :  Plan  View  of  a  HER  Arc  Half-Cell 


The  arc  vacuum  chambers  are  made  from  octagonal 
copper  extrusions.  The  octagonal  shape  fits  the  magnet 
gaps,  yet  maximizes  the  conductance  for  the  10  nTorr 
vacuum  system[2].  Copper  is  chosen  for  its  high  thermal 
conductivity  radiation  absorption  length  and  to  minimize 
the  gas  desorption. 

The  chambers  are  supported  at  three  places.  The  Quad 
Chamber  is  mounted  to  the  quad  magnet  next  to  the  Beam 
Position  Monitor  (BPM).  This  minimizes  monitoring 
inaccuracies  due  to  thermal  motion  of  the  BPM.  Flex 
Supports  hold  both  ends  of  the  Dipole  Chamber,  allowing 
for  thermal  expansion  along  the  beamline,  but  preventing 
any  lateral  motion. 


IL  BELLOWS  MODULE  DESIGN 

The  Bellows  Module  bridges  the  gap  between  the  fixed 
end  of  the  Quad  Chamber  at  the  BPM,  and  the  end  of  the 
Dipole  Chamber.  It  serves  four  discrete  functions  in  the 
HER  Arcs. 

Thermal  Motion 

The  Bellows  Module  accommodates  the  thermal 
expansion  of  a  half-cell.  The  copper  chambers  expand  6.5 
mm  as  they  heat  to  their  nominal  operating  temperature  of 
70°C,  and  19  mm  during  the  150°C  in-situ  bake  out. 

Installation 

The  Module  serves  as  the  capstone  of  the  half-cell:  it 
is  the  last  piece  to  be  installed,  and  the  first  removed.  The 
Module  compresses  19  mm  to  allow  installation.  An 
additional  6.3  mm  of  stroke  is  needed  for  chamber 
alignments  and  fabrication  tolerances. 

RF  Continuity 

To  minimize  instabilities  and  impedances  the  Module 
must  present  a  continuous  chamber  geometry  and  electrical 
conduction  path.  This  is  accomplished  by  0.2  mm  thick 
GlidCop®  [3]  Shield  Fingers  which  bridge  the  gap  between 
the  neighboring  chambers  inside  the  convoluted  bellows. 


Figure  2:  Bellows  Module,  Cut  Away 

The  Shield  Fingers  cannot  withstand  the  direct  SR 
strike  and  are  shadowed  by  a  5  mm  offset  between  the 
neighboring  chambers.  To  prevent  an  annular  cavity  which 
can  produce  trapped  modes,  the  offset  stub  tapers  inward. 


*  Work  supported  by  US  Department  of  Energy,  contract  number  DE-AC03-76F00515.  Presented  at  the  US  Particle 
Accelerator  Conference  and  International  Conference  on  High-Energy  Accelerators  (PAC95),  Dallas  TX,  USA,  May  1995 
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Figure  3:  Plan  View  Cross-Section  of  Bellows  Module 


The  fingers  slide  on  the  outside  of  a  2  mm  thick 
stainless  steel  stub.  The  contacts  between  the  stub  and  each 
of  the  Shield  Fingers  are  ensured  by  external  stainless  steel 
spring  fingers.  For  every  shield  finger  there  is  a  mating 
spring  finger  that  exerts  170  grams  of  contact  force.  This 
minimizes  the  possibility  of  arcing  across  the  joint,  due  to 
high  in  vacuo  contact  resistance. 

The  individual  Spring  Fingers  apply  a  uniform  contact 
load  on  all  Shield  Fingers  around  the  octagon.  Girdling 
springs,  common  in  other  designs,  require  a  round  or  oval 
transition  to  ensure  uniform  loading  on  all  fingers,  and  to 
prevent  stress  concentrations  in  the  spring.  Such  a 
transition  would  produce  a  longitudinal  impedance  ten 
times  higher  than  the  octagonal  Module  [5],  and  increase 
the  possibility  of  trapping  higher-order  modes. 

The  current  Shield/Spring  Finger  design  also  reduces 
the  likelihood  of  a  finger  losing  contact  which  would 
produce  a  small  cavity.  Since  the  Spring  Finger  always 
applies  force  only  at  the  contact  point,  the  Shield  Finger 
can  never  lift  off  that  point,  and  can  never  touch  anywhere 
else  on  the  stub. 

Cooling 

All  surfaces  which  are  exposed  to  the  beam  passage 
are  subjected  to  various  sources  of  heat.  Adequate 
conduction  paths  and  cooling  tubes  brazed  to  the  flanges 
ensure  that  they  remain  cool. 

THERMAL  LOADING 

Although  the  Shield  Fingers  and  stub  are  shadowed 
from  the  direct  SR  fan  by  the  chamber  offset,  the  module  is 


heated  in  varying  amounts  by  four  distinct  sources  which 
are  described  below. 

Scattered  SR 

Calculations  using  EGS  and  FLUKA  show  that  10%  of 
the  power  from  the  direct  SR  strike  fan  is  re-emitted  as 
photons  and  low-energy  electrons.  Near  the  Bellows 
Module,  the  power  of  the  direct  SR  strike  fan  is  1170 
W/cm^.  The  shadowed  Shield  Fingers  could  intercept  a 
heat  flux  of  0.25  W/cm^  scattered  around  the  24.1  cm 
perimeter  of  the  octagon. 


Ohmic  Losses 

The  image  current  traveling  in  the  first  few  microns  of 
the  vacuum  chamber  wall  produces  heat  due  to  the 
resistance  of  the  wall  material.  In  the  Bellows  Module,  the 
stainless  steel  stub  and  the  Shield  Fingers  are  plated  with 
0.5  mils  of  copper  and  silver,  respectively.  The  image 
current  will  travel  solely  through  the  high-conductivity 
plating  and  deposit  less  than  0.04  W/cm^  of  power. 

Higher  Order  Mode  (HOM)  Heating 

Analysis  shows  that  the  slots  in  the  Shield  Fingers  at 
the  comers  of  the  octagon  radiate  approximately  0.45  W 
per  Bellow  Module  due  to  the  field  of  a  TM  HOM  [6]. 
This  power  is  primarily  transferred  to  the  Bellows  Module 
convolutions.  The  inner  surfaces  that  “see”  the  beam 
intercept  7  W  (-0.07  W/cm^)  of  radiated  power  from 
secondary  ROM’s. 

Contact  Resistance  Heating 

Large  image  currents  and  resistance  at  the  sliding 
contact  joint  between  the  Shield  Fingers  and  the  Stub 
produce  localized  heating.  Experimental  data  shows  that 
this  localized  heating  can  cause  a  decrease  in  material 
strength  followed  by  a  reduction  in  contact  force.  This 
could  lead  to  run-away  heating  at  the  contact  joint.  To 
decrease  this  possibility,  the  temperature  of  the  contact 
joint  must  be  kept  to  a  minimum. 


Thermal  Analysis 

The  total  heat  load  from  these  sources  could  deposit 
0.36  W/cm^  of  combined  power  on  the  Shield  Fingers. 
This  produces  a  temperature  at  the  tip  of  the  GlidCop 
fingers  of: 

T  -T 

^TIP  “  ^BASE 

Where  the  finger  dimensions  are:  w  =  4  mm  wide, 
t  =  0.2  mm  thick,  and  L  =  2.16  cm  long.  Cooling  on  the 
adjoining  flange  will  keep  the  base  of  the  Shield  Fingers  at 
65  °C,  so  with  a  thermal  conductivity,  k  =  3.65  W/cm-°C, 
the  tip  temperature  could  reach  91°  based  on  0.5  W/cm^  of 
heat  flux.  This  is  far  below  the  stress-relaxation 
temperature  of  AL-15  GlidCop,  which  is  approximately 
300°C  [3].  GlidCop  was  chosen  for  its  high  thermal 
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conductivity  in  comparison  to  other  types  of  strengthened 
copper.  GlidCop’s  thermal  conductivity  is  a  factor  of  two 
higher  than  BeCu  which  is  commonly  used  for  Shield 
Fingers.  Therefore,  the  local  temperature  at  the  tip  will  be 
higher  in  the  BeCu.  Also,  BeCu  over-ages  and  loses 
strength  at  250°C  for  high  strength  BeCu  and  455°C  for 
high  conductivity  BeCu. 

The  effects  of  the  high  tip  temperature  are  further 
minimized  by  the  independent  stainless  steel  Spring 
Fingers.  These  isolate  the  high-temperature  region  at  the 
ends  of  the  Shield  Fingers  from  the  high-stress  area  at  the 
root  of  the  Spring  Fingers.  Thus,  if  the  Shield  Fingers  get 
hotter  than  expected,  they  are  less  likely  to  soften  and  fall 
away  from  the  contact  joint. 

STRUCTURAL  LOADING 

Despite  the  high  tip  temperature,  stresses  in  the  Shield 
and  Spring  Fingers  are  produced  primarily  by  the  contact 
force  at  the  sliding  joint,  and  by  the  offset  across  the 
Module  due  to  alignment  and  fabrication  tolerances. 

The  0.65  mm  thick  Spring  Fingers  provide  contact 
force,  so  they  see  205  MPa  bending  at  their  base.  This  is 
not  affected  by  offsets  across  the  Bellows  Module  because 
they  are  mounted  solely  to  the  stub. 

However,  the  thin  Shield  Fingers  are  stressed  only  by 
offsets  across  the  Module.  The  chamber  Flex  Support 
system  allows  up  to  2  mm  lateral  offset,  which  produces  a 
90  Mpa  stress  at  the  root  of  the  Shield  Fingers.  This 
bending  stress  does  not  significantly  affect  the  contact  force 
because  the  Spring  Fingers  are  15  times  stiffer. 

MANUFACTURING  ISSUES 

Two  materials  manufacturing  issues  have  been 
significant  factors  in  the  design  of  the  Bellows  Module. 

Sliding  Joint  Tribology 

First,  the  tribology  of  the  sliding  joint  in  vacuo  is  a 
concern  for  three  reasons:  1)  overheating  or  galling  at  the 
contact  joint  could  cold-weld  a  finger  to  the  stub.  This 
would  destroy  the  finger.  2)  Insufficient  or  excessive 
lubricity  from  silver-plating  could  produce  silver  dust  by 
fretting  at  the  sliding  joint.  This  dust  could  enter  the  beam 
passage  and  possibly  affect  the  beam  lifetime  and  stability. 
3)  Plated  surfaces  could  behave  below  expectations  during 
operation,  when  high  temperatures  and  high  shear  stresses 
could  cause  it  to  flake  off. 

Research  and  testing  at  &LAC  have  shown  that  a 
combination  of  0.4-0.5  mils  silver  plating  on  the  Shield 
Fingers,  and  0.2-0. 3  mils  rhodium  plating  on  the  stub 
produce  a  good  sliding  joint.  With  the  170  gram  force 
expected  at  the  contact  joint,  tests  have  shown  that  the 
silver  plating  is  thick  enough  to  endure  over  200,000  cycles 
at  200  °C.  Thinner  plating  resulted  in  complete  erosion  the 
plating. 


The  rhodium  plating  on  the  stub  is  likewise  an  optimal 
thickness.  Shear  stresses  in  thicker  plating  reduce  quality 
and  adhesion,  while  thinner  plating  will  not  contain  the 
image  current  traveling  along  the  chambers. 

Shield  Finger  Brazing 

The  second  manufacturing  issue  is  brazing.  Our  initial 
design,  and  that  of  most  other  bellows  modules,  used  BeCu 
fingers.  However,  to  attain  the  highest  possible  yield 
strength,  these  must  be  precipitation-hardened  after  being 
brazed  to  their  retaining  plate.  Without  this,  the  fingers 
cannot  tolerate  even  moderate  stresses  without  yielding. 

To  avoid  this  failure  mode,  GlidCop  AL-15  was 
chosen  as  an  alternative.  This  is  a  dispersion-strengthened 
copper,  which  does  not  require  heat-treating,  and  does  not 
overage.  At  room  temperature,  its  yield  strength  is  380 
Mpa,  with  16%  elongation.  Experiments  show  only  a  25% 
decrease  in  yield  strength  at  the  brazing  temperature  [3]. 

One  of  GlidCop’ s  drawbacks  is  its  lack  of  ductility. 
This  makes  it  harder  to  form,  and  susceptible  to  fracture  if 
strained  plastically.  However,  manufacturing  tests  show 
that  these  problems  can  be  avoided  by  smooth  forming  dies 
and  large  bending  radii. 

FUTURE  WORK 

Design  and  production  efforts  are  focused  in  two 
directions.  First,  confirmation  testing  of  the  final  sliding 
joint  configuration  is  pending. 

Second,  a  full  prototype  of  the  entire  Bellows  Module 
is  now  being  prepared.  This  will  prove  out  the  complex 
fabrication  and  assembly  techniques,  and  show  areas  where 
cost  savings  can  be  recognized. 
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A  ZERO-LENGTH  BELLOWS  FOR  THE  PEP-II  HIGH-ENERGY  RING* 

M.  Nordby,  E.  F.  Daly,  N.  Kurita  and  J  Langton, 

Stanford  Linear  Accelerator  Center,  Stanford  University,  Stanford,  CA  94309  USA 


Due  to  beamline  space  constrictions  and  the  modular 
design  of  the  vacuum  system,  a  conventional  bellows  can 
not  be  used  everywhere  in  the  PEP-II  High-Energy  Ring 
(HER)  arcs.  A  zero-length  “Flex  Flange”  was  developed 
which  actually  performs  better  than  a  more  standard 
bellows.  The  Flex  Flange  fits  the  space  available  while  still 
preserving  the  modularity  of  the  system.  Furthermore,  the 
design  provides  for  an  accurate  match-up  between 
adjoining  octagonal  copper  chambers  despite  the  large 
fabrication  and  assembly  tolerances  and  high  operational 
loads.  Beam  chamber  continuity  is  ensured  by  an  integral 
RF  seal  ring  which  is  easy  to  install  and  fault-tolerant. 
Heating  from  synchrotron  radiation  and  higher-order  mode 
trapping  is  managed  to  ensure  a  robust  connection  despite 
the  3000  mA  beam  current  of  the  PEP-II  HER.  The  Flex 
Flange  concept  is  versatile  and  adaptable  to  many 
applications,  yet  economical  both  in  space  needed  and  cost. 

INTRODUCTION 

The  HER  circumference  is  2200  m  and  consists  of  six 
straight  sections  120  m  in  length  and  six  arc  sections  240  m 
in  length.  Each  arc  contains  33  quadrupole  magnets  and  32 
dipole  magnets  to  form  16  cells  per  arc.  The  HER  vacuum 
system  design[l]  is  comprised  of  33  quadrupole  and  32 
dipole  vacuum  chambers,  made  from  extruded  OFE  copper, 
and  positioned  in  the  magnet  gaps  for  each  arc  totaling  198 
quad  chambers  a:id  192  dipole  chambers. 

Corr^tor  Pumping  Dipole  Bend  Magnet 

Bellows  \  Quadrupole  Chamber  / 


B.P.M.  Sextupole  Flex  Flange 

Quad — Dipole  Chamber 
Chamber 


prototype  experience  showed  that  the  minimum  pratical 
angularity  tolerance  for  welding  a  Conflat  flange  to  a 
chamber  is  ±4.35  mrad.  Without  elaborate  and  costly 
machining  and  fixturing,  the  total  angular  misalignment  of 
two  chambers  across  a  flange  pair  is  2  x  4.35  =  ±8.7  mrad 
(±0.5°).  This  angular  misalignment  would  produce  a  51 
mm  offset  at  the  opposite  end  of  the  5.84  m  long  dipole 
chamber.  The  force  needed  to  push  the  chamber  back  on 
beamline  would  induce  bending  stresses  great  enough  to 
yield  the  EB  fillet  weld  on  the  flange  adapter. 

Such  attention  to  tight  flange  angularity  is  not 
necessary  for  more  coventional  chambers.  A  comparison 
to  the  HER  Straight  Section  drift  chamber  is  shown  below. 
The  drift  chamber  is  a  stainless  steel  tube  that  can  be 
approximated  as  101.6  mm  OD  x  3.2  mm  wall  (4”  OD  x 
1/8”  wall).  A  cantilevered  beam  model  is  used  to  estimate 
the  stresses  that  would  result  from  displacing  the  free  end 
51  mm. 


E,  Modulus  of 
Elasticity 
I,  Moment  of 
Inertia 

OvHH .  Material 
Yield  Strength 
.  Bending 
Stress  in  Weld 


HER  Arc  Dipole 
Chamber 
120  Gpa 
(17.4xl0^psi) 
9.87  X  10^  mm^ 
(23.7  in^) 

70  Mpa 
(-10  ksi) 

254  Mpa 
(37  ksi) 


HER  Straight 
Drift  Chamber 
207  Gpa 
(30xl0^psi) 
1.21xl0^mm^ 
(2.9  in") 

241  Mpa 
(-35  ksi) 

90  Mpa 
(13  ksi) 


Figure  1.  HER  Arc  Half  Cell 

The  need  for  the  Flex  Flange  arises  from  beam  line 
space  constraints,  cost  effective  manufacturing  tolerances 
and  the  overall  length  of  the  dipole  chamber.  The  distance 
between  the  quadrupole  and  dipole  magnets  in  the  Arcs 
leaves  only  0.31  meters  of  physical  space  between  the 
magnet  coils.  A  pump  chamber  with  attached  60  liter  per 
second  ion  pump  occupies  the  majority  of  that  space 
including  the  necessary  space  for  flange  bolts.  The  joint  is 
large  enough  only  for  a  pair  of  8”  Conflat  flanges.  The 


Table  1.  Comparison  of  Weld  Stress  in  Copper  and 
Stainless  Steel  Beam  Pipes 

The  table  shows  that,  while  a  stainless  chamber  could 
endure  such  lateral  offsets  and  stresses  at  the  weld  root,  the 
copper  chambers  cannot.  The  material  strength  of  the 
stainless  tubes  in  the  straight  section  eliminates  the  flexible 
joint  requirement.  A  flexible  connection,  however,  is 
needed  in  the  arcs  to  avoid  the  possibility  of  yielding  the 
vacuum  seal  joints. 

DESIGN  REQUIREMENTS 

The  space  limitations  and  flexibility  requirements 
form  a  subset  of  a  larger  collection  of  design  requirements 
for  the  flange  joint  which  include  ultra  high  vacuum 
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DESIGN  DESCRIPTION 


compatibility,  low  beam  impedance,  thermal  management 
and  chamber  support  system  issues.  These  requirements 
were  developed  as  the  vacuum  system  design  proceeded 
from  conceptual  to  final  design. 


Space 

Constraints 

Minimize  Z  space 

Rexibility 

Allow  ±  0.5°  of  Pitch 

Allow  ±  0.5°  of  Yaw 

No  XYZ  Displacement 

No  Roll 

Vacuum 

Reliable  UHV  Seal  to  1  nTorr 

Low  Beam 

Accurate  XY  position 

Impedance 

Steps  <1.5  mm  across  flange  joint 
Electrical  continuity  across  joints 

Thermal 

Maximum  of  1  W/cm^  due  to  : 

Loads 

Scattered  Synchrotron  Radiation  (SR) 

Resistive  Losses 
Higher  Order  Mode  Heating 
Contact  Resistance  Heating 


Structural 

Gravity,  Vacuum  and  Earthquake 

Loads 

Loads 

Torsion  due  to  Chamber  Twist 

Table  2.  Flex  Flange  Design  Requirements 


The  design  employs  a  ball  bearing  that  is  captured  in 
the  Z  direction  to  provide  the  pivoting  motion  for  the 
flange.  The  pivot  is  at  the  three  o’clock  position  coincident 
with  the  SR  stripe.  A  second  ball  bearing  in  a  slot  at  the 
nine  o’clock  position  sets  the  minimum  and  maximum  yaw. 
A  pair  of  pins  at  six  and  twelve  o’clock  in  oversized  holes 
sets  the  minimum  and  maximum  pitch.  The  assembly 
contains  <0.12  mm  of  “rattle”  due  to  tolerances  on  the 
ball-bearing-to-slot  location  fit.  A  flexible  bellows  is 
welded  to  stainless  rings  on  the  mechanical  assembly  with 
minimal  offset.  This  assembly,  containing  all  parts  except 
the  knife-edge  flange  and  RF  Seal,  is  positioned  with 
tooling  and  EB  welded  to  the  end  of  the  chamber 
perpendicular  to  the  chamber  centerline  within  0.25°.  An 
8”  Conflat  flange  is  then  welded  within  0.25  mm  of  its 
ideal  location  to  the  end  of  the  chamber.  Finally,  the  RF 
Seal  is  accurately  positioned  with  respect  to  the  chamber 
inner  octagonal  profile  and  mounted  to  the  flex  flange.  A 
pair  of  alignment  pins  locate  the  flanges  accurately  during 
installation  to  ±0.25  mm.  These  mechanical  assembly 
tolerances  were  verified  during  prototyping. 

Mechanical  Loads 


Pin  in  Oversized  Hole  (2x) 

Figure  2.  Flex  Flange  Assembly  with  Integral  RF  Seal 


The  Rex  Flange  assembly  is  designed  to  accomodate 
the  structural  loadings  due  to  gravity,  vacuum,  earthquake 
(EQ)  and  external  support  loads. 


Axial 

Vacuum  Load 

Chamber  Friction 
EQ 

±1780N(±4001b) 

+  134N(±301b) 
±1691N(±3801b) 

Vertical 

Chamber  Weight 

-  267  N  (-  60  lb) 

EQ 

±  134N(±301b) 

Lateral 

EO  Load 

±623N(±1401b) 

Twist 

Removing 
Extrusion  Twist 

±136N«m(±100ft»lb) 

Table  3.  Rex  Range  Mechanical  Loads 


The  loadings  imposed  by  the  external  supports  are 
conservative.  They  include  frictional  forces  and  the 
moment  imposed  by  twisting  the  chamber  as  required  to 
rotationally  align  the  octagonal  cross-sections  of  the  mating 
dipole  and  quadrupole  chambers. 

The  ball  bearings  experience  the  highest  forces  due  to 
the  combined  vertical  loads  and  chamber  twist.  These 
forces  are  not  high  enough  to  cause  Brinnelling  to  occur  in 
the  countersink  bearing  area.  Pull-out  is  not  a  problem 
since  the  bearings  are  seated  in  countersunk  holes  and 
restricted  from  large  XY  deflections  by  the  pins  in  the 
assembly. 
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RF  Seal 

The  integral  RF  seal  ring  provides  electrical  continuity 
between  chambers.  Crushable  fingers  made  of  GlidCop® 
(chosen  for  its  thermal  and  structural  properties)  are 
employed  to  accomodate  the  variations  in  gap  width 
between  chambers.  Sets  of  finger  stock  are  brazed  with 
35/65  Au-Cu  braze  alloy  to  a  stainless  plate  containing  the 
octagonal  inner  profile  of  the  vacuum  chamber.  The  seal  is 
positioned  within  0.5  mm  of  the  SR  impingement  surface 
and  fastened  with  a  pair  of  bolts.  The  seal  is  not  reusable, 
much  like  a  knife-edge  flange  gasket. 

It  is  extremely  important  that  the  RF  seal  is  shadowed 
from  direct  synchrotron  radiation.  The  seal  can  conduct  the 
relatively  low  heat  load  of  1  W/cm^,  but  cannot  survive  the 
2000  W/cm^  direct  SR  strike.  This  extremely  high  heat 
flux  would  cause  the  seal  to  fail  catastrophically. 


Material 

GlidCop® 

Finger  Width 

4.06  mm  (0.160”) 

Finger  Thickness 

0.15  mm  (0.006”) 

Number  of  Fingers 

52 

Contact  Force  per  Finger 

>200  grams  (0.44  lb) 

Nominal  Gap 

5.87  mm  (0.231”) 

Maximum  Gap 

7.44  mm  (0.293”) 

Minimum  Gap 

3.96mm(0.156”) 

Number  of  Crushes  per  Seal 

1 

Table  4.  RF  Seal  Design  Parameters 


The  gap  between  the  end  of  the  dipole  and  quadrupole 
chamber  is  affected  by  many  tolerances.  While  the 
nominal  value  is  5.87  mm  (0.23 1”)»  tolerances  on  piece 
parts,  subassemblies  and  tunnel  installation  can  cause  the 
gap  to  vary  around  the  circumference  of  the  octagonal 
profile  by  as  much  as  -3.5  mm  (0.138”)-  The  total 
compression  of  the  seal  is  divided  between  the  two 
chambers  at  about  50%.  This  means  that  the  seal  is 
precompressed  -1.25  mm  when  mounted  to  the  inside  of 
the  Flex  Flange  assembly  on  the  end  of  the  dipole  chamber. 
Stacking  tolerances  during  installation  may  cause  the  gap  to 
increase  or  decrease  slightly.  Even  at  the  largest  expected 
compression,  residual  contact  forces  equating  to  0.75  mm 
(0.030”)  of  springback  have  been  verified  through  testing. 
This  springback  ensures  that  no  finger  lift-off  can  develop 
during  normal  operation. 

Flex  Flange  Bellows 

The  bellows  are  made  by  MetalFab  to  their  clean 
specification  and  may  be  vacuum  fired  to  meet  SLAC’s 
stringent  vacuum  requirements. 


The  bellows  remains  static  except  during  installation  to 
accomodate  pitch  and  yaw  of  the  flange  pair.  Thermal 
expansion  of  the  chamber  is  taken  up  by  the  bellows 
module[2]  at  the  opposite  end  of  the  chamber.  The  only 
thermal  expansion  that  the  Flex  Flange  bellows  must 
accomodate  is  the  thermal  growth  of  the  flange  pair,  which 
is  negligible.  The  axial  stroke  specified  reflects  the 
reliability  requirement  for  the  UHV  seal.  The  assembly 
only  allows  a  rotational  stroke  in  pitch  or  yaw  of  one 
bellows  end  plate  with  respect  to  the  other.  The  entire 
bellows  never  experiences  the  full  axial  stroke  during 
operation. 


Outer  Diameter 

137.2  mm  (5.400  “) 

Inner  Diameter 

120.7  mm  (4.750  “) 

Stroke 

3.05  mm  (0.120”) 

Offset 

0.13  mm  (0.005”) 

Number  of  Cycles 

5,000 

Temperature  Range 

35  -  150  °C 

Convolution  Material 

SS  304L 

End  Plate  Material 

SS347 

Table  5.  Flex  Flange  Bellows  Design  Parameters 


FUTURE  WORK 

During  the  ramping  to  full  production,  a  pre- 
production  module  will  be  assembled  and  mechanically 
cycled  to  ensure  performance  of  the  Flex  Flange  bellows 
and  the  RF  seal  assemblies.  The  module  will  be  tested  to 
evaluate  the  impedance  contribution  of  the  RF  seal  and 
investigate  possible  higher  order  mode  effects. 

CONCLUSION 

The  Flex  Flange  design  developed  for  the  HER  Arcs 
meets  or  exceeds  the  physics  and  engineering  requirements 
imposed  upon  it.  The  concept  is  adaptable  to  many 
applications. 
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PROCESSING  OF  O.F.E  COPPER  BEAM  CHAMBERS  FOR  PEP-II  HIGH 

ENERGY  RING* 

E.  Hoyt,  M.  Hoyt,  R.  Kirby,  C.  Perkins,  D,  Wright,  A.  Farvid,  Stanford  Linear  Accelerator  Center, 

Stanford  University,  Stanford,  CA  94309  USA 


Using  laboratory  scale  and  full  size  PEP-II  vacuum 
chambers,  chemical  cleaning,  glow  discharge  and  thermal 
process  effects  were  evaluated  using  surface  analysis  by  x- 
ray  photoelectron  spectroscopy  (XPS).  These  processes 
were  optimized  to  reduce  surface  carbon  and  thereby 
minimize  photodesorption  gas  loads.  The  relation  of 
surface  carbon  to  ion  dose  was  investigated  and  compared 
for  pure  argon,  5%  oxygen  in  argon,  and  pure  hydrogen 
plasmas.  Argon  incorporation  was  noted  only  when  the 
copper  was  oxidized  in  the  mixed  gas.  Surfaces,  stable  in 
ambient  atmosphere,  were  obtained  having  surface  carbon 
values  less  than  10%.  These  optimized  recipes  will  be  used 
in  processing  copper  vacuum  chambers  for  the  PEP-II  B- 
Factory. 

1.  INTRODUCTION 

In  electron  storage  rings,  the  main  gas  burden  is  due  to 
synchrotron  radiation  desorption.  Initial  storage  times  are 
short  until  the  intercepting  walls  can  be  “scrubbed’’  and  the 
photodesorption  yield  (t])  can  be  reduced  by  orders  of 
magnitude.  Acceptable  T|  is  usually  not  achieved  until 
photon  doses  >  10^^  photons/cm^  have  been  reached.  Of 
course  if  the  surfaces  are  repopulated  when  the  beam  is  off 
for  extended  periods,  leaks  occur,  or  the  system  is  vented, 
the  surfaces  must  again  be  “scrubbed”  to  low  values  of  T|. 

Many  researchers  have  studied  methods  of  preparing 
beam  chamber  surfaces  with  reduced  initial  scrubbed 
desorption  yields.  (1-9)  The  surface  processing  techniques 
include  controlled  atmosphere  extrusion  and  machining, 
wet  chemical  surface  removal,  electropolishing,  ozone  and 
oxygen  purging,  and  many  combinations  of  gas  discharge 
plasma  cleaning.  To  date,  most  of  these  studies  have 
concentrated  on  alloys  of  aluminum  and  stainless  steel 
whose  surface  oxides  are  relatively  stable.  Recently  copper 
surfaces  have  begun  to  be  investigated  (10)(11)(12).  This 
report  outlines  the  work  at  SLAG  on  preparing  OFE  copper 
beam  chambers  for  the  PEP-II  B  Factory.  We  focused  on 
processes  that  yield  minimum  residual  carbon  on  the 
surface,  reasoning  that  the  initial  and  ultimate  CO  and  CO2 
photodesorption  yields  would  be  correspondingly  lower, 

II.  TESTING  TECHNIQUE 

XPS  was  used  to  measure  changes  in  surface 
composition  on  5  cm^  round  discs  cut  from  a  beam  tube 


extrusion.  Surface  composition  changes  were  monitored 
through  the  wet  cleaning  process  as  bath  compositions  and 
rinse  water  conductivity  were  adjusted.  These  coupons 
were  also  inserted  into  a  test  chamber  (Figure  1)  to  monitor 
changes  in  surface  composition  following  glow  discharge 
processing.  Copper  discs  were  also  installed  at  three 
locations  in  full-scale  dipole  and  quadrupole  beam 
chambers  to  monitor  thermal  and  glow  discharge 
processing  effects  on  surface  composition  (Figure  2). 


in.  OPTIMIZED  COPPER  CLEANING  RECIPE 


Stanford  had  evolved  a  recipe  for  cleaning  copper 
accelerator  and  klystron  parts  over  a  period  of  five  decades. 
In  order  to  minimize  the  final  concentration  of  surface 
carbon,  we  modified  this  evolved  cleaning  recipe, 

1.  Steam  clean 

2.  Alkaline  soak  in  Enbond™  Q527  for  5  min  @  180°  C 

3.  Cold  tap  water  rinse  for  2  minutes 

4.  Dip  in  50  %  hydrochloric  acid  at  room  temperature 

5.  Cold  tap  water  rinse  for  2  minutes 

6.  Etch  in  acid  solution  (4  vol.  %HN03,  10  vol. 
%C2H402,  100  g/1  Cr03,  5  ml/1  HCl)  for  5  minutes. 

7.  Cold  tap  water  rinse  for  2  minutes 

8.  Dip  in  hydrochloric  acid  at  room  temperature 

9.  Cold  tap  water  rinse  for  2  minutes 

10.  Cold  de  ionized  water  rinse  (>1  megohm) 

11.  Cold  de  ionized  water  rinse  (>6  megohms) 

12.  Hot  (106°F)  de  ionized  water  rinse  (>10  megohms) 

13.  Blow  dry  with  nitrogen  gas. 


*  Work  supported  by  U.  S.  Department  of  Energy,  contract  number  DE- AC03-76F005 1 5 
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Figure  2.  Schematic  Diagram  of  Glow  Discharge  Set-Up  for  Dipole  Vacuum  Chamber  Processing 

Showing  XPS  Coupon  Location 


Note  that  the  final  rinse  uses  the  lowest  conductivity 
de-ionized  water  that  is  practical.  If  the  resistivity  of  the 
final  rinse  water  is  less  than  10  megohms,  there  is  more 
residual  surface  carbon  on  the  copper.  Figure  3  shows 
some  typical  XPS  surface  composition  results  for  the 
processes  investigated. 


incorporation.  Mathewson  (13)  also  found  argon  burial 
when  using  02-Ar.  None  of  the  copper  discs  run  in  the  test 
chamber  with  5%  oxygen-argon  showed  argon 
incorporation.  The  ion  flux  in  the  test  chamber  was  about  a 
factor  of  ten  higher  than  in  the  beam  chamber  and  the 
sample  temperature  was  higher,  resulting  in  some  visible 
oxidation  on  the  surface. 


Surface  Treatment 


XPS  Surface  Atom  ^ 


Glow  discharge  processing,  following  chemical 
cleaning,  can  reduce  surface  carbon  levels  to  less  than  10 
percent.  Figure  4  shows  the  XPS  carbon  concentration  data 
comparing  the  results  obtained  for  pure  argon  and  5% 
oxygen-argon.  Data  points  from  the  test  chamber  and  the 
beam  chambers  fall  on  the  same  curves.  The  5%  oxygen- 
argon  is  more  efficient  than  pure  argon  in  removing  carbon 
due  to  the  combined  chemical  activity  of  the  oxygen  and 
the  physical  sputtering  of  the  argon. 

There  may  be  a  serious  drawback  to  using  oxygen  with 
argon.  With  pure  argon,  the  XPS  results  showed  no  argon 
on  the  copper  surfaces,  in  either  the  test  chamber  or  the 
beam  chambers.  However,  all  samples  run  in  the  beam 
chambers  with  the  5%  02-Ar  mixture  show  -  1%  argon 


There  is  a  definite  increase  in  the  surface  oxygen  levels 
following  processing  with  5%  02-Ar.  Argon  may  be 

incorporated  or  buried  in  the  growing  oxide  depending  on 
the  temperature.  If  it  were  possible  to  discharge,  with 
oxygen-argon,  at  a  high  enough  temperature  to  preclude 
oxide  growth,  argon  might  not  get  occluded.  These  are 
subtle  effects  that  may  need  study.  Dylla’s  very 
comprehensive  review  article  on  GDC  (14)  deals 
principally  with  stainless  steel  surfaces,  but  sheds  no  light 
on  copper.  Some  work  has  also  been  reported  on 
aluminum  alloy  discharge  cleaning.  Copper  surfaces  are 
quite  different.  For  example,  Cr203  has  a  free  energy  of 
formation  of  -142  Kcal/mol  and  AI2O3  has  a  free  energy  of 
formation  of  -408  Kcal/mol  whereas  CU2O  has  a  free  energy 
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of  formation  nearer  -38  Kcal/mol  and  therefore  can  be 
easily  disassociated  at  low  energy  and  easily  reduced  with 
hydrogen. 

Pure  H2  plasma  processing  of  copper  has  many 
advantages  over  argon-oxygen,  one  of  which  is  very 
limited  sputtering  (14).  Sputtering  may  produce  micro 
particles  which  have  been  postulated  to  result  in  stored 
beam  degradation. 

One  limitation  to  using  H2  discharges  to  clean  the  PEP- 
II  dipole  chambers  is  that  the  H2  plasma  must  be  employed 
prior  to  installing  the  distributed  ion  pumps  to  avoid 
loading  the  pump  titanium  with  hydrogen  that  might  not  all 
be  removed  by  baking  at  200°C. 

V.  HYDROGEN  DISCHARGE  PROCESSING 

In  view  of  the  above  considerations  with  regard  to 
oxidation  and  argon  incorporation  when  using  the  mixed 
gas  plasma,  there  may  be  some  incentive  to  use  a  pure 
hydrogen  plasma  for  removing  carbon  and  oxygen  from 
OFE  copper  surfaces.  XPS  coupons  discharged  in  pure 
hydrogen  in  the  test  chamber  showed  somewhat  faster 
carbon  reduction  than  those  discharged  in  5%  oxygen- 
argon.  Figure  5  compares  the  XPS  spectra  of  coupons  ion 
bombarded  to  the  same  dose  (2x10*®  ions/cm^)  with  5% 
oxygen-argon  in  a  quadrupole  chamber  (A)  and  run  in  the 
test  chamber  in  a  pure  hydrogen  plasma  (B). 


Figure  5.  XPS  Spectra  of  copper  samples  GDC  processed 
in  5%  02-Ar  (upper)  or  H2  (lower)  to  2x10*®  ions/cm2 . 


VI.  CONCLUSION 

We  have  shown  that  it  is  possible  to  clean  OFE  copper 
surfaces  chemically,  to  yield  surface  carbon  levels  near 
20%.  These  levels  can  be  further  reduced  to  about  10%  by 
glow  discharge  cleaning  with  argon,  oxygen-argon,  or 
hydrogen  plasma  discharges.  The  cleaned,  baked  and 
discharged  surfaces  can  be  stored  in  clean  air  for  weeks 
with  little  change  in  surface  composition  as  measured  by 
XPS. 
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STRETCHFORMING  VACUUM  CHAMBERS  FOR  THE 
PEP-H  B-FACTORY  HIGH  ENERGY  STORAGE  RING* 

E.  F.  Daly,  D.  Bostic,  A.  Lisin,  M.  Palrang,  C.  Perkins  and  K.  Skarpaas, 
Stanford  Linear  Accelerator  Center,  Stanford  University,  Stanford,  CA  94309  USA 


Dipole  vacuum  chambers  for  the  PEP-II  HER, 
fabricated  from  copper  extrusions,  must  follow  the  arc  of 
the  electron  beam  in  order  to  minimize  impedance  losses. 
The  165  m  bend  radius  requires  that  the  chambers  have  a 
sagitta  of  25  mm  over  each  5.84  m  length.  Stretchforming 
provides  a  relatively  smooth  continuous  bend  radius  and 
results  in  low  overall  residual  stresses.  Structural  analyses 
of  the  chamber  during  the  forming  process  are  discussed. 
These  analyses  are  used  to  estimate  the  residual  stresses  in 
the  stretchformed  chambers.  The  impact  of  residual 
stresses  on  actual  chamber  operation  are  discussed.  The 
stretchforming  process  and  apparatus  utilized  during 
prototype  testing  is  described.  Permanent  deflections  of  the 
chambers  during  prototype  manufacture  are  presented  and 
compared  with  predictions. 

INTRODUCTION 

The  HER  circumference  is  2200  m  and  consists  of  six 
straight  sections  120  m  in  length  and  six  arc  sections  240  m 
in  length.  Each  arc  contains  33  quadrupole  magnets  and  32 
dipole  magnets  to  form  16  cells  per  arc.  The  HER  vacuum 
system  design[l]  consists  of  32  dipole  vacuum  chambers 
positioned  in  the  magnet  gaps  for  each  arc  totaling  192 
dipole  chambers.  The  dipole  chamber  extrusion  is  about 
189  mm  x  60  mm  x  5  mm  thick  with  a  cross-sectional  area 
of  22.6  cm^  (3.5  in^).  The  cooling  bar  extrusion  has  a 
cross-sectional  area  of  3.7  cm^  (0.57  in^). 

The  beam  orbit  through  the  dipole  magnet  is  curved. 
In  order  to  minimize  beam  impedance  losses,  the  dipole 
chamber  is  formed  to  this  beam  orbit  and  corresponding 
dipole  magnet  bend  radius  of  165  m.  To  accomplish  this, 
the  chambers  are  stretchformed  to  a  radius  of  165  m  within 
a  tolerance  band  of  ±  2  mm.  This  tolerance  is  based  on 
considerations  of  maximum  allowable  synchrotron  heating 
on  the  chamber  wall,  beam  stay  clear  requirements, 
chamber  positional  requirements  and  manufacturability. 

A  limited  structural  analysis  of  the  stretchforming 
technique  is  presented  that  includes  the  estimated  residual 
stresses  in  the  dipole  vacuum  chamber  and  their  impact  on 
chamber  performance.  The  apparatus  and  process  utilized 
for  stretchforming  prototype  and  production  chambers  is 
presented  along  with  data  from  the  prototype  experience. 


WHY  STRETCHFORMING? 

Stretchforming  involves  first  applying  sufficient 
tension  to  raise  the  workpiece  to  the  yield  point,  and  then 
forming  the  part  over  a  mandrel  to  a  specified  shape.  This 
manufacturing  process  has  been  used  successfully  for  many 
years  in  the  aerospace  and  automotive  industries  to 
fabricate  smoothly  varying  complex  shapes  [2]. 


Figure  1.  Chamber  Temperature  Distribution  at  the  Maximum 
SR  Heat  Load  of  102  W/cm 

The  high  synchrotron  radiation  (SR)  heat  load  of  102 
W/cm  produces  a  peak  chamber  temperature  of  97  °C  and 
resulting  compressive  stresses  of  roughly  83  Mpa  (12  ksi). 
Residual  stresses  due  to  a  forming  technique  would  be 
compressive  and  therefore  add  to  the  peak  stress  in  the 
chamber  during  operation.  A  chamber  curved  by  bending 
only  to  165  m  would  contain  roughly  69  Mpa  (10  ksi)  of 
residual  compressive  stress. 

Stretchforming  is  the  technique  chosen  because  it 
minimizes  residual  bending  stresses  in  the  chamber. 
Bringing  the  entire  cross  section  of  the  chamber  to  yield 
while  bending  imparts  a  uniform  stress  across  the  chamber. 
When  the  axial  force  is  released,  there  is  little  residual 
stress  (<  1000  psi)  and  minimal  springback.  The  technique 
also  provides  the  smoothest  bend  of  all  options  considered. 

Deformation  using  a  pin  press  and  through 
conventional  pipe  bending  were  tried.  Using  a  pin  press 
resulted  in  a  series  of  small  kinks  which  may  enhance  the 
SR  heat  flux.  More  kinks  would  be  required  to  reduce  the 
amount  of  enhancement.  However,  the  process  proved 
slow  and  inefficient.  Conventional  pipe  bending  was  also 
tried  but  failed  because  the  local  high  contact  pressures 
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Figure  2.  The  stretchforimng  machine  built  by  SLAC  has  been  used  successfully  for  prototype  development. 


resulted  in  local  yielding  of  the  material  and  subsequent 
unacceptable  chamber  distortion. 

APPARATUS  AND  PROCESS 

The  Stretchformer  built  by  SLAC  for  the  PEP-II 
project  consists  of  a  strongback,  an  adjustable  mandrel,  a 
pair  of  bell  cranks,  two  hydraulic  cylinders  and  a  pair  of 
gripper  jaws.  The  strongback  is  approximately  twenty 
times  stiffer  than  the  extrusion  to  limit  machine  deflection 
during  the  process.  The  adjustable  mandrel  can  be  set  to  a 
radius  as  tight  as  63.5  meters  to  compensate  for  springback. 
The  bell  cranks  provide  roughly  a  3:1  mechanical 
advantage  for  the  pair  of  EnerPac  hydraulic  cylinders.  The 
two  50  Ton  cylinders  each  provide  a  maximum  tensile 
force  of  667.4  kN  (150  kips).  The  gripper  jaws  have 
knurled  surfaces  bolted  tightly  together  to  squeeze  the  ends 
of  the  chamber  ensuring  positive  traction  during  tensioning. 

While  some  conventional  machines  separate  the 
extension  and  bending  processes  by  utilizing  different 
machine  axes  to  first  stretch  then  form  the  part  over  a 
mandrel,  the  SLAC  machine  combines  both  operations 
using  the  lever  action  of  the  bell  cranks  and  the  adjustable 
mandrel.  There  are  four  settings  which  allow  variable 
amounts  of  tension  versus  the  angle  of  the  bell  crank 
rotation.  The  amount  of  bending  is  controlled  by  adjusting 
the  height  and  radius  of  the  mandrel. 

The  machine  settings  have  been  adjusted  empirically 
during  the  prototype  phase  to  produce  a  repeatable  part. 
The  entire  process  begins  by  taking  an  inspected  extrusion, 
cutting  it  to  length  and  drilling  the  gripper  jaw  hole  pattern 


in  each  end.  The  extrusion  and  cooling  bar  are  cleaned  for 
UHV  and  then  the  parts  are  Electron  Beam  (EB)  welded. 

The  gripper  jaws  are  installed  on  the  chamber 
assembly.  The  mandrel  radius  is  set  to  the  prescribed  bend 
radius,  which  is  ~25  m  (1000”)  smaller  than  the  final  part 
radius  to  compensate  for  machine  deflection  and  extrusion 
springback. 

Approximately  1.09  MN  (245  kip)  of  tension  is 
gradually  applied  to  the  chamber.  Once  this  tension  is 
applied,  the  extrusion  contacts  the  mandrel  and  the  bending 
moment  applied  through  this  contact  imparts  a  stress 
greater  than  the  material  yield  strength  of  276  MPa  (40 
ksi).  The  chamber  is  pulled  to  intimate  contact  along  the 
mandrel  to  form  it  to  its  pre-springback  shape.  The  force  is 
then  released  and  the  part  springs  back  to  its  final  deformed 
shape. 

The  formed  chamber  radius  is  measured  and  compared 
with  the  desired  value.  If  the  radius  is  too  large,  the 
mandrel  is  re-adjusted  and  the  process  is  repeated  until  the 
radius  of  the  chamber  is  within  the  specified  limits. 

PROTOTYPE  EXPERIENCE 

Three  prototype  chambers  were  stretchformed  in 
successive  trials  in  an  effort  to  achieve  the  desired  bend 
radius  of  165  m  with  a  corresponding  sagitta  of  25  mm. 
Since  the  EB  welder  was  not  available,  the  extrusions  were 
stretchformed  without  the  cooling  bar  attached. 

The  mandrel  radius  was  determined  through  successive 
trials  and  finally  set  at  127  m  (5000”).  The  actual  bend 
radii  of  the  three  extrusions  is  not  exactly  165  m  all  along 
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Figure  3.  Permanently  deflected  shape  of  three  stretchformed  prototype  extrusions  versus  inches  from 

extrusion  centerline. 


the  length.  The  center  portion  of  the  chambers  are  near  the 
ideal  radius,  the  very  ends  show  a  smaller  radius  and  the 
portions  between  show  a  larger  radius.  This  variation  does 
not  impact  chamber  performance  significantly. 

The  process  plot  shows  the  relationship  between 
applied  pressure  and  resulting  strain  is  analagous  to  the 
stress-strain  curve  for  half-hard  copper.  The  maximum 
cylinder  pressure  of  4200  psi  (28.9  Mpa)  equates  to  a  total 
force  on  the  cross  section  of  1.07  MN  (240  ksi).  The 
measured  and  calculated  strains  agree  well.  The  peak 
cylinder  pressure  should  be  15-20%  higher  for  a  chamber 
with  cooling  bar  attached. 

Many  lessons  were  learned  as  the  three  chambers  were 
successfully  formed  in  six  trials.  Factors  that  affected  each 


trial  were  jaw  slippage,  mandrel  shape  and  repetitive 
process  control.  Prior  to  production  the  jaws  will  be 
modified  to  include  the  ability  to  grip  the  welded  cooling 
bar.  A  more  efficient  method  for  mandrel  adjustment  will 
be  added  to  the  system.  During  production,  the  process 
parameters  will  be  rigorously  monitored  to  ensure 
stretchformed  chambers  that  meet  design  requirements. 

CONCLUSIONS 

The  stretchforming  process  produces  chambers  having 
a  relatively  smooth  continuous  bend  radius.  The  prototype 
experience  with  stretchforming  has  been  favorable.  The 
stretchforming  apparatus  will  be  modified  and  utilized  to 
produce  the  192  HER  dipole  vacuum  chambers. 
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Abstract 

An  experiment  is  being  built  at  Brookhaven  to  measure  the 
g-2  value  of  the  muons  to  an  accuracy  of  0.35  ppm.  The 
muon  storage  ring  of  this  experiment  is  designed  to  produce 
a  dipole  field  with  homogeneity  to  1  ppm  using  a  continuous 
superconducting  magnet.  The  beam  vacuum  system  in  the 
storage  ring  will  operate  at  10’^  Torr  and  consists  of  twelve 
sector  chambers.  The  chambers  are  constructed  of  aluminum 
and  are  approximately  3.5  m  in  length  with  a  rectangular 
cross-section  of  16.5  cm  high  by  45  cm  at  the  widest  point. 
The  design  features,  fabrication  techniques  and  cleaning 
methods  for  these  chambers  are  described.  Monte  Carlo 
simulation  of  the  pressure  distribution  and  finite  element 
analysis  of  the  chamber  deflection  are  summarized  with  good 
correlation  shown  to  measured  values  obtained  during  tests  of 
the  prototype  chamber. 

L  INTRODUCTION 

The  principle  equipment  of  the  g-2  experiment[l]  is  the 
muon  storage  ring  and  its  continuous  superconducting  magnet 
which  bends  and  stores  the  injected  pion  and  muon  particles. 
The  magnet  has  a  diameter  of  14  m  and  a  gap  of  18  cm 
facing  the  inside  of  the  storage  ring.  The  cross  sectional  view 
of  the  magnet,  its  cryostats  and  the  muon  storage  chamber  is 
shown  in  Fig.  1.  A  magnetic  field  of  14.5  KG  with  a  field 
homogeneity  of  1  ppm  is  required  in  the  muon  storage  region, 
which  rules  out  the  use  of  any  material  with  magnetic 
susceptibility  higher  than  0.001.  The  muon  chambers  and  the 
associated  components  are  made  of  aluminum,  titanium, 
ceramic,  and  polymeric  materials.  The  design,  selection  of 
material,  fabrication  and  evaluation  of  these  vacuum 
chambers  will  be  presented  here. 

11.  DESIGN  and  FABRICATION  OF  SECTOR 
CHAMBERS 

A  plan  view  of  the  ring  vacuum  system  without  the 
superconducting  magnet  is  shown  in  Fig.  2.  It  consists  of 
twelve  28-degree  chambers,  of  which  ten  are  identical  (i.e., 

*Work  performed  under  the  auspices  of  the  U.S.  Department 
of  Energy. 


standard).  The  detail  of  a  standard  sector  chamber  is  shown 
in  Fig.  3.  The  chamber  has  an  arc  length  of  3.5  m  and  a 


Fig.  1.  The  cross  sectional  view  of  the  45  m  continuous 
superconducting  magnet,  its  cryostats  and  the  muon  chamber. 


Fig.  2.  The  layout  of  the  muon  storage  ring  vacuum  system 
without  the  superconducting  magnet,  consisting  of  twelve 
sector  chambers;  ten  standard  ones  and  two  special  ones  for 
inflector  magnet  and  for  NMR  trolley  garage. 
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Fig.  3.  The  design  of  the  standard  sector  chamber  together  with  distributed  ion  pumps  and  turbopump  manifold.  The 
scalloped  areas  are  for  electron  detectors. 


rectangular  cross-section  with  inner  vertical  height  of  13.8  cm. 
The  horizontal  width  of  the  chamber  varies  from  15  cm  at  the 
narrow  point  to  45  cm  at  the  widest  point,  forming  two 
scalloped  areas  on  the  inside  to  accommodate  the  twenty-four 
electron  detectors.  Conflat  access  ports  are  provided  at  the 
inner  radius  of  the  chambers  for  pump  connections  and 
installation  of  various  internal  components.  A  short  bellows 
adaptor  is  placed  between  the  chambers.  It  allows  for  the 
installation  of  the  chambers  and  for  the  alignment  of  the  end 
flange  clamps  and  seals  which  are  only  accessible  from  the 
inner  radial  side. 

The  sector  chamber  is  a  welded  fabrication  of  aluminum 
alloy  6061  plates.  The  top  and  bottom  plates  are  13.5  mm 
thick  and  the  side  wall  19  mm  thick.  The  wall  adjacent  to  the 
detectors  is  only  3  mm  thick  thus  minimizing  the  energy  loss 
of  the  electrons.  After  machining  and  chemical  cleaning,  the 
plates  are  welded  on  a  4  m  long  weld  fixture  table  in  a  clean 
room.  The  post-weld  flatness  and  loss  of  arc  of  the  chambers 
are  approximately  1  mm.  The  top  and  bottom  surfaces  are 
then  machined  to  a  flatness  of  0.25  mm.  The  Conflat  access 
port  flanges  and  the  rectangular  end  flanges  are  then  welded. 

Four  electrostatic  quadrupoles,  occupying  45  percent  of  the 
ring  circumference,  are  to  focus  the  injected  muons  and  pions. 
They  are  pulsed  at  ±  25  kV  during  the  storage  period.  The 
electrodes  are  mounted  on  the  curved  support  frames  which 
are  installed  inside  the  sector  chambers  through  the  end 
flanges.  The  cross  sectional  view  of  the  chamber,  the  support 
frame  and  the  electrodes  are  shown  in  Fig.  4.  An  NMR  trolley 
containing  up  to  25  NMR  probes  will  be  used  periodically  to 
map  the  magnetic  field  of  the  storage  region  around  the  ring. 
This  NMR  trolley,  operated  in  storage  vacuum,  will  ride  on 
the  comer  rails  of  the  support  frame,  and  parked  at  a  ’garage’ 
when  not  in  use.  There  are  also  30  fixed  NMR  probes  per 
chamber  which  are  mounted  in  external  grooves  in  the  upper 
and  lower  chamber  plates. 


Fig.  4.  The  cross  sectional  view  of  the  sector  chamber  at  its 
widest  point.  The  rectangular  frame  supports  the  quadrupole 
electrodes  and  the  rails  for  NMR  trolley.  Dimensions  are  in 
cm. 

III.  MECHANICAL  and  VACUUM 
EVALUATION 

After  fabrication  and  cleaning,  the  chambers  are  pumped 
down,  leak  checked  and  measured  for  deflection  of  top/bottom 
plates  under  vacuum  load.  The  deflection  of  the  top  plates  of 
the  prototype  chamber  at  its  widest  span  was  found  to  be  0.45 
mm.  This  is  in  good  agreement  with  the  calculated  value  of 
0.4  mm  using  ANSYS  finite  element  code.[2] 

Without  a  large  on-site  chemical  cleaning  facility  to  handle 
the  completed  sector  chambers,  the  chambers  were  cleaned 
with  pressurized  hot  water  spray  mixed  with  mild-etch 
alkaline  detergent.  The  effectiveness  of  the  cleaning  steps  can 
be  judged  by  measuring  the  outgassing  of  the  chambers.  The 
outgassing  rates  of  the  prototype  chamber  after  various 
cleaning  treatments  are  plotted  in  Fig.  5  versus  pumpdown 
time.  Outgassing  rate  of  mid  10'^^  Torr.€/sec.cm^  can  be 
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reached  one  day  after  pumpdown  with  mild-etch  detergent 
rinse  (pH  =  11.5).  The  slope  of  the  outgassing  curves  are 
consistent  with  q  «=  which  is  the  characteristic  of  the 

outgassing  of  water. 


Fig.  5.  Outgassing  rates  of  the  prototype  sector  chamber  after 
various  cleaning  treatments.  The  designed  outgassing  rate  of 
1x10^  Torr.€/sec.cm^  at  t  =  24  hours  can  be  reached  with 
mild-etch  detergent  rinse. 


\x^  modes  during  commissioning.  The  if  and  p"  modes  are 
only  possible  with  the  installation  of  the  DIPs. 
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Fig.  6.  Monte-Carlo  simulation  of  pressure  distribution  inside 
the  quadrupole  electrodes  using  "Molflow"  with  4  turbo¬ 
pumps;  and  with  24  distributed  ion  pumps.  The  x-axis 
represents  the  azimuthal  length  of  the  chamber.  Total 
molecules  generated  in  the  simulation  is  approximately  30,000 
per  sector  chamber. 
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IV.  PRESSURE  DISTRIBUTION 


V.  SUMMARY 


The  injected  pions  and  muons  are  to  be  stored  for  a  few 
milliseconds  which  only  requires  a  medium  range  vacuum. 
However,  to  minimize  electron  trapping  and  high  voltage 
breakdown  at  the  quadrupole  electrodes,  pressure  of  10"^  Ton¬ 
is  needed  especially  when  n  and  p"  particles  are  stored.  At 
this  mode  of  operation,  the  upper  and  lower  electrodes  are  at 
-25  kV  and  two  side  electrodes  at  +27  kV. 

The  storage  ring  vacuum  will  be  pumped  down  and  main¬ 
tained  at  high  vacuum  with  the  combination  of  two  turbo- 
molecular  pumps,  two  cryopumps  and  24  distributed  ion 
pumps  (DIPs).  The  distributed  ion  pumps  will  not  be  installed 
during  the  commissioning  stage  in  early  1996.  The  turbo- 
molecular  pumps  and  cryopumps  will  be  positioned  at  every 
third  chamber  two  meters  radially  away  from  the  storage 
region,  which  reduces  the  effective  pumping  speed  to  less 
than  200  €/sec.  The  long  manifold  is  necessary  to  minimize 
the  disturbance  of  the  field  uniformity  at  the  storage  region 
and  to  allow  the  reliable  operation  of  the  pumps  under  the 
fringe  magnetic  field. 

The  pressure  distribution  at  the  storage  region  is  calculated 
using  a  Monte-Carlo  simulation  program[3]  Molflow’  as 
shown  in  Fig  6.  Without  DIPs,  pressure  of  low  10"^  Torr  will 
be  reached  one  day  after  pumpdown  and  low  10'^  Torr  with 
DIPs.  Excessive  breakdown  of  the  quadrupole  high  voltage 
has  been  observed  in  the  prototype  testing  when  operated  with 
TcVp  mode  at  10'^  Torr.  This  limits  the  experiment  to  and 


Due  to  the  unique  physics  requirement,  the  vacuum  cham¬ 
bers  of  the  Brookhaven’s  g-2  muon  storage  ring  have  to  be 
made  of  wide  aluminum  plates.  The  dimensional  tolerances  of 
the  completed  chamber  are  within  the  design  values.  The 
measured  deflection  of  the  prototype  chamber  under  vacuum 
load  is  agreeable  with  ANSYS  analysis.  The  outgassing  rate 
of  the  chamber  after  mild  etching  is  acceptable.  The  pressure 
distribution  inside  the  quadrupole  electrodes  will  be  suffici¬ 
ently  low  for  the  reliable  operation  when  the  distributed  ion 
pumps  are  installed. 
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ABSTRACT 

We  have  built  and  tested  a  plate-type  pre-production 
prototype  Distributed  Ion  Pump  (DIP)  for  the  PEP-II  B- 
Factory  High  Energy  Ring  (HER).  The  design  has  been 
simplified  from  an  earlier  design  to  use  less  materials  and  to 
reduce  overall  costs.  Penning  cell  hole  sizes  of  15, 18,  and  21 
mm  have  been  tested  in  a  uniform  magnetic  field  of  0,18  T  to 
optimize  pumping  speed.  The  resulting  final  DIP  design 
consisting  of  a  7-plate,  15  mm  basic  cell  size  anode  was 
predicted  to  give  the  best  pumping  speed  results  for  the  actual 
varying  magnetic  field  of  the  HER  dipole.  A  description  of 
the  final  optimized  DIP  design  will  be  presented  along  with 
the  test  results  of  the  pumping  speed  measurements. 


expected  to  be  generated  from  the  high  photon  fluxes  and 
uncertainties  of  the  gas  desorption  properties  of  the  final 
chamber  material,  C 10100  OF  copper,  precluded  the  sole  use 
of  non-evaporable  gettering  as  the  distributed  pumping 
method  in  the  arc  sections  of  the  HER.  However,  a  combined 
distributed  ion  pump/non-evaporable  getter  pump  was 
considered  and  actually  prototyped  and  tested  as  reported  in  a 
separate  paper  presented  at  this  conference[3].  A  distributed 
pumping  speed  of  135  1/s/m  within  the  beam  passage  was 
calculated  as  adequate  to  achieve  the  pressure  requirement  in 
the  arcs  given  the  latest  screen  design  of  calculated 
conductance  of  450 1/s/m. 

PUMPING  SYSTEM  DESCRIPTION 


INTRODUCTION 

Operation  of  the  PEP-II  Asymmetric  B-Factory  collider  in 
the  9  GeV,  3  A  mode  or  12  GeV,  1  A  mode  places  significant 
pumping  speed  requirements  on  the  High  Energy  Ring  (HER) 
vacuum  pumping  system  design.  The  high  gas  loads 
generated  by  the  intense  photon  sychrotron  radiation  fan 
striking  the  copper  vacuum  chamber  wall  necessitate  a 
vacuum  pumping  scheme  that  maintains  the  required  HER 
pressures. 

Using  a  gas  desorption  coefficient  (eta)  of  2  x  10“^ 
molecules/photon[l],  the  calculated  gas  load  at  9  GeV,  3  A 
operation  will  be  1.06  x  10“^  Torr  1/s/m.  Average  pressures 
required  in  the  arcs  are  10  nTorr  at  3  A  operation.  The 
vacuum  system  of  a  typical  arc  cell  as  seen  in  Figure  1 
consists  of  two  6  m  long  dipole  vacuum  chambers  and  two 
quadrupole  chambers  2  m  long  each.  The  quadrupole 
chambers  will  be  pumped  with  60  1/s  noble  diode  lumped  ion 
pumps  (LIPs).  The  dipole  chamber  at  6  m  in  length  precludes 
pumping  from  the  ends,  thus  distributed  ion  pumping  is 
planned  to  offset  the  low  conductance  of  the  beam  tube 
calculated  at  40 1/s/m. 


Figure  1.  HER  arc  cell  showing  DIP 

Distributed  ion  pumping  was  chosen  based  on  calculations, 
prototype  tests[2],  and  the  reliability  of  previous  operating 
PEP-I  designs.  The  ability  to  handle  the  quantities  of  the  gas 


To  achieve  this  pumping  speed,  distributed  ion  pump 
designs  with  plate-type  anodes  were  chosen,  as  these  were 
known  to  have  relatively  higher  pumping  speeds  than  that  of 
the  cylindrical  type[4]  i.e.  the  basic  plate  design  has  a  higher 
conductance.  The  final  production  DIP  design  is  shown  in 
Figure  2. 


Figure  2.  Exploded  view  of  Production  DIP  Design 

The  pump  shown  is  located  in  a  channel  space  50  mm  high 
by  83  mm  wide  adjacent  to  a  6  mm  specially  machined  copper 
screen  plate  formed  to  the  same  shape  as  the  far  side  of  the 
beam  tube.  The  6  mm  thick  screen  consists  of  6  symmetric, 


*  This  work  was  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  Lawrence  Livermore  National  Laboratory 
and  by  Stanford  Linear  Accelerator  Center  under  contracts  W-7405-ENG-48(LLNL)  and  DE-AC03-76SF00515  (SLAC) 
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angled,  3  mm  slots  machined  on  the  beam  side  with  tightly 
packed  holes  aligned  to  the  slots  drilled  through  to  the  DIP 
side  of  the  arc  chamber.  The  DIP  as  shown  in  Figures  2  and  3 
consists  of  a  laser  welded  single  piece  316L  stainless  steel 
anode  that  has  seven  equally  spaced  plates.  The  five  middle 
plates  are  0.46  mm  (0.018  in)  thick  and  the  top  and  bottom 
plates  are  0.64  mm  (0.025  in)  thick  for  increased  overall 
stiffness  as  well  as  for  increased  durability  in  handling.  On 
one  end  of  the  anode  is  a  0.64  mm  (0.025  in)  thick  L-bracket 
for  a  stiff  attachment  point  to  the  supporting  shielded 
insulator.  On  the  opposite  end  is  a  specially  designed  S-spring 
0.51  mm  (0.020  in)  thick  that  allows  expansion  as  thermal 
loads  heat  it  during  operation  at  high  pressures  as  well  as 
during  the  initial  200  C  dipole  chamber  bakeout.  Possible 
future  in-situ  95C  bakes  within  the  PEP  tunnel  will  also  be 
accommodated  with  this  spring  design.  The  same  spring 
allows  for  thermal  expansions  and  contractions  during  normal 
operations  at  low  pressures  within  the  PEP  tunnel 
environment. 

Cathode  Vented  Threaded  Fastener 


Anode  \  ‘S'-Spnng  /  Insulator 


Module  Spring  Cathode  ‘S’-Spriiig  Limiter 

Figure  3  Normal  Sectional  View  of  a  Typical  Production  DIP 
Joint  at  the  Shielded  95%  Alumina  Insulator 

The  DIP  cathode  is  also  a  single  piece  design  of  pure 
titanium.  The  unique  U-channel  design  with  large  venting 
holes  on  the  side  away  from  the  screen  has  allowed  the 
cathode  material  thickness  (as  well  as  cost)  to  be  significantly 
reduced  from  the  original  CDR[1]  design  of  1.5  mm  (0.059  in) 
to  its  present  thickness  of  0.89  mm  (0.035  in)  while 
maintaining  the  same  relative  stiffness.  While  stiffness  on  the 
side  away  from  the  screen  results  from  the  U-shape  geomety 
design,  the  stiffness  on  the  edge  next  to  the  screen  results  from 
a  formed  V-shape  at  the  cathode's  edge.  One  end  of  the 
cathode  is  welded  to  a  boxed  shaped  grounded  support  bracket 
that  provides  a  rigid  support  to  the  grounded  end  of  the 
shielded  insulator.  The  opposite  end  of  the  cathode  uses  a 
0.51  mm  (0.020  in)  thickness  titanium  S-spring  similar  to  that 
of  the  anode  with  the  added  feature  of  an  S-spring  limiter. 
This  limiter  allows  the  entire  seven  module  DIP  string  to  be 
pulled  into  the  arc  dipole  chamber  without  possible  damage 
(i.e  strained  beyond  normal  material  elastic  limits)  to  either 
the  anode  or  the  cathode  S-springs. 

Another  unique  feature  of  the  production  DIP  design,  as  can 
be  seen  in  Figure  3,  is  the  joint  where  a  single  shielded 


insulator  supports  two  anode  ends.  This  allows  for  a 
minimized  I/P  (DIP  current/pressure)  for  the  entire  dipole 
string  since  there  are  only  eight  total  shielded  insulators  for 
the  seven  total  modules  used  per  5.4  m  dipole.  The  only  other 
insulators  are  in  the  fairly  standard  feed  through  arrangement 
on  the  end  of  the  6  m  long  dipole  chambers.  The  module 
spring  is  designed  to  be  bent  to  the  right  height  matching  the 
final  chamber  dimension  to  take  up  any  horizontal  play  that 
may  exist  because  of  manufacturing  tolerance  stackups.  All 
fasteners  are  non-magnetic  stainless  steel  with  standard 
venting  to  eliminate  virtual  leaks.  After  a  DIP  string  assembly 
is  together,  all  vented  fasteners  are  torqued  to  2.26  N-m  (20 
in-lbs)  and  tack  welded  in  two  places  to  prevent  any  possible 
future  shorting  of  the  DIP  assembly  by  loosened  fasteners. 
After  meg-ohm,  continuity,  and  hi-pot  test  (lOkV  for  1 
minute)  the  DIP  assembly  will  be  permanently  E-beam 
welded  within  its  copper  dipole  chamber. 

As  seen  in  Figure  3,  the  forth  row  of  penning  cell  holes  have 
been  elongated.  This  has  been  done  to  all  seven  plates  in  an 
identical  manner  to  minimize  production  costs  at  the  same 
time  taking  better  advantage  of  the  curved  B-field  in  this  area 
of  the  anode.  Figure  4  shows  an  actual  B-field  plot  map  of  a 
dipole  cross  section  with  the  DIP  positioned  with  the  beam 
chamber  centerline  at  nominal  beam  centerline.  Physics 
requirements  place  the  average  beam  chamber  side  of  the 
dipole  on  centerline  of  the  dipole  poles.  As  can  be  seen,  only 
the  fourth  row  of  cells  sees  any  significant  curvature  of  the  B- 
field.  The  arc  chamber  sagitta  of  plus/minus  9  mm  has 
minimal  effect  on  the  average  anode  position  along  the  length 
of  the  dipole,  thus  all  anodes  were  made  identical  without  the 
need  for  tabulations.  This  too  helped  keep  material  as  well  as 
assembly  costs  to  a  minimum. 


Figure  4  Production  DIP  within  ClOlOO  OF  copper  screened 
chamber  showing  center  0.18  T  peak  magnetic  dipole  field 

ANODE  AND  CATHODE  PREPARATION 

After  cleaning,  the  stainless  and  titanium  parts  were  welded 
using  standard  SLAC  UHV  cleaning  and  handling  practices. 
The  titanium  cathode  was  baked  to  750  C  in  the  same  turbo 
pumped  evacuated  chamber  as  the  anode  laser  welded 
assembly  that  reached  450  C.  Two  days  at  temperature  were 
required  to  reduce  hydrogen  generation  to  levels  that  were 
equivalent  to  the  background  hydrogen  levels  in  the  stainless 
chamber  used  for  baking.  After  cooling  the  chamber  to  less 
than  100  C,  the  chamber  was  backfilled  with  argon  to  aid  in  a 
speedier  cool  down  of  the  parts.  For  production  this  method 
will  not  be  used  because  the  argon  background  peak  was  seen 
in  subsequent  pumping  speed  tests.  The  small  relative  partial 
pressure  of  argon  however  was  felt  to  have  little  effect  on  the 
final  measured  pumping  speeds.  For  the  production  DIP 
parts,  adequate  cooling  time  will  be  allowed  for  parts  to 
achieve  25  C  prior  to  backfilling  chamber  with  nitrogen.  In 


2065 


production,  anodes  and  cathodes  will  be  vacuum  baked  in 
separate  UHV  high  temperature  furnaces. 

TESTING  DESCRIPTION  AND  RESULTS 

Prior  to  finalizing  the  production  DIP  design  described  in 
this  paper,  three  previously  designed  1  meter  long  DIP 
modules [2,5]  were  tested  in  uniform  B -field  of  the  dipole 
center.  The  test  results  for  the  three  hole  size  tested  shown  in 
Figure  5  are  given  in  Table  1.  The  test  results  confirmed  our 
calculations  for  our  geometry  and  B -field  that  based  on  H. 
Hartwig  and  Kouptsidis  [6]  and  Malev  and  Trachtenberg  [7] 
that  the  15  mm  hole  size  would  give  the  maximum  puming 
speed  for  HER  requirements  as  shown  in  Figure  6.  The  seven 
plates  were  chosen  over  the  five  plate  design  because  earlier 
measurements  of  18  mm  cells  of  both  types  distinctively 
showed  that  the  7-plate  design  gave  superior  performance.  A 
9-plate  design  was  considered  but  time  and  dollars  did  not 
allow  further  testing  although  with  the  thin  plate  anode  design 
additional  pumping  performance  could  be  possible.  Edge  E- 
fields  from  the  grounded  screen  and  back  side  of  the  U-shape 
cathode  are  expected  to  have  less  effects  on  the  penning  cell’s 
performance  with  increased  number  of  plates.  The  tradeoff  is 
of  course  decreased  conductances. 


15-mm0  18-mm0  21-mm0 

70%  68%  62% 


Figure  5  Three  Anode  Hole  Patterns  Tested 

The  results  of  pumping  speed  tests  for  the  pre-production 
DIP  prototype  in  non-uniform  field  are  160  1/s/module 
(module  length  0.77m)  or  206  1/s/m  without  the  screen. 
Testing  with  the  new  screen  have  just  started.  Full  production 
of  this  DIP  design  for  the  B-Factory  HER  will  start  as  soon  as 
the  first  production  units  are  functionality  tested  within  the 
first  production  dipole.  This  is  expected  to  be  completed  early 
this  summer. 

Table  1 

Measured  Pumping  Speed  -’’Old”  CDR  DIP  Design 

Gas  Flow  (torr-liters/sec) 

Se-’  le-^'  5e-^ 

Gas  Pressure  (torr) 


~les 

-le-« 

--5e-« 

DIP 

Design 

N2  Pumping  Speed  (liters/sec/m) 

7-PL-I8 

W/O  SCR 

184 

186 

186 

213* 

205* 

204* 

7-PL-I8 

WSCR* 

104 

103 

100 

122* 

130* 

122* 

5-PL-21 

W/O  SCR 

95 

96 

93 

100* 

103* 

102* 

5-PL-15 

W/O  SCR 

192 

m 

198 

217* 

232* 

243* 

*  Tested  Day  following  High  Gas  Flow  Conditioning  of  Module 
**  4’SLOT  Screen  (2,5nim  x  9cin  x  1 0cm  spacing  with  u  5mm  depth) 


Figure  6  Plotted  calculated  curves  for  maximum  pumping 
speeds  for  various  cell  sizes  with  a  fixed  anode  width  based  on 
Hartwig-Kouptsidis[6]  and  Malev-Trachtenberg[7]  for  0.18  T 
and  5500  volts 

RESULTS  AND  SUMMARY 

The  result  of  206  1/s/m  for  the  final  production  DIP  design 
has  more  than  met  the  design  goal  of  180  1/s/m.  We  are 
presently  in  the  process  of  testing  the  screen  to  assure  a 
conductance  of  450  1/s/m  that  will  give  us  our  design  goal  of 
135  1/s/m  for  N2  as  the  final  distributed  pumping  system  for 

the  HER. 
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DESIGN  OF  THE  PEP-II  LOW  ENERGY  RING  VACUUM  SYSTEM 


D.  Hunt,  K.  Kennedy,  T.  Stevens 
Lawrence  Berkeley  Laboratory,  Berkeley,  CA  94720 

L  INTRODUCTION 


A  vacuum  system  based  on  the  antechamber  approach  is 
being  designed  for  the  PEP-II,  B-factory,  Low  Energy  Ring 
(LER)  arc  sections  to  be  installed  at  the  Stanford  Linear 
Accelerator  Center.  Pressures  in  the  six  arc  regions  are  to  be 
less  than  10  nanotorr  at  a  nominal  positron  beam  energy  of 
3.1  GeV  and  current  of  3  amperes.  The  high  energy  and  large 
beam  current  result  in  high  gas  loading  due  to  photon  induced 
gas  desorption.  The  antechamber  design  allows  90%  of  the 
photons  and  over  99%  of  the  synchrotron  radiation  power  to 
be  dumped  on  special  photon  stops  away  from  the  main  beam 
chamber  and  close  to  vacuum  pumps.  The  high  photon  flux  at 
the  stops  gives  the  added  benefit  of  quickly  scrubbing  these 

surfaces,  further  reducing  the  outgassing. 

Each  of  the  six  arc  sections  of  the  PEP-II  ring  contains  16 
standard  cells.  Half  of  a  standard  cell  is  shown  in  Fig.  1. 
There  are  192  of  these  half-cells  in  the  LER  arcs.  Except  for 
some  variation  in  the  arrangements  of  the  magnets,  the  cells 
are  identical.  The  arc  regions  represent  1460  meters  of  the 
total  2200  meter  LER  circumference. 


The  outside  dimensions  of  the  magnet  chamber  extrusion  are 
limited  by  the  magnet  apertures.  The  height  is  kept  to  a 
minimum  mainly  to  reduce  the  power  requirements  of  the 
dipole  magnets.  A  groove  is  provided  in  each  side  of  the 
magnet  chamber  for  the  addition  of  tubular  heaters  if  an  in 
situ  bakeout  is  needed.  Water  channels  are  also  provided  for 
cooling  and  temperature  control. 


Fig.  1  Low  Energy  Ring  Arc  Half  Cell 


11.  PUMPING  AND  MAGNET  CHAMBERS 

Each  arc  vacuum  chamber  will  consist  of  a  magnet 
chamber,  a  pumping  chamber,  and  a  bellows  section.  The 
magnet  chamber  (Fig.  2),  which  fits  inside  the  magnets,  will 
be  two  meters  long.  Due  to  limited  access,  there  will  be  no 
pumping  provided  for  the  magnet  chamber  except  through  its 
ends.  The  slot  height  between  the  beam  chamber  and 
antechamber  is  a  compromise  between  that  which  is  allowed 
by  beam  dynamics  and  achieving  maximum  photon  passage. 


*  Supported  by  the  US  Department  of  Energy  under  Contract 
number  DE-AC03-76SF00098  (LBL)  and  DE-AC03- 
76SF00515  (SLAC) 


The  pumping  chamber  (Fig.  3),  which  contains  the 
photon  stop  and  pumps,  will  be  about  5.5  meters  long.  The 
chambers  will  be  extruded  from  6063  aluminum  alloy.  The 
size  of  the  chamber  is  limited  by  the  extrusion  industry  limit. 
Finite-element  temperature  and  stress  analyses  have 
determined  that  a  photon  beam  hitting  the  beam  channel  wall 
due  to  the  worst  case  beam  misalignment  will  not  damage  the 
chamber. 

f- - "wn - i 


Fig.  3  Pumping  chamber 
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To  minimize  costs,  both  chamber  types  have  been 
designed  using  standard  industry  extrusion  tolerances.  Finite- 
element  stress  and  deflection  analyses  for  vacuum  loading 
have  verified  the  designs.  Studies  are  under  way  currently  to 
determine  if  an  inner  surface  coating  in  the  beam  envelope  is 
necessary  to  reduce  secondary  electron  emission. 

III.  PHOTON  STOP 

At  the  design  value  of  3.5  GeV  and  3  amperes,  each 
dipole  produces  15,000  watts  of  synchrotron  radiation  power, 
a  power  density  of  5,700  watts  per  square  centimeter  (full 
width  at  half  maximum)  at  a  distance  of  six  meters  from  the 
dipole.  These  photons  are  stopped  by  a  water  cooled, 
dispersion  strengthened  copper  surface  (Fig.  4)  located  at  the 
downstream  end  of  the  pumping  chamber.  Water  flows 
through  multiple  parallel  channels  2  mm  wide  by  6  mm  high, 
machined  into  the  back  side  of  this  hot  wall.  To  reduce  the 
power  density  to  the  surface,  the  face  of  the  photon  stop  is 
inclined  at  a  small  grazing  incidence  angle  of  50  mrad. 
Besides  the  grazing  angle,  the  length  of  the  photon  stop  is 
determined  by  the  slot  height  between  the  beam  chamber  and 
antechamber,  and  tolerances  for  the  beam  location, 
manufacturing,  and  alignment.  The  photon  stops  are  a  brazed 
assembly  consisting  of  the  dispersion  strengthened  copper  hot 
wall,  an  intermediate  copper  wall  to  aid  in  the  brazing,  and  a 
stainless  steel  back  wall.  Air  guard  channels  open  to  the 
atmosphere  will  isolate  the  water  channel  braze  joints  from 
the  vacuum  wall  to  avoid  the  possibility  of  water  leaking  into 
the  vacuum  system. 


V.  SCHEDULE 

The  contract  for  the  magnet  chamber  extrusion  has  been 
awarded,  ion  pumps  have  been  ordered,  and  the  pumping 
chamber  extrusion  requests  for  quotations  will  be  out  within  a 
month.  Fabrication  of  the  Low  Energy  Ring  vacuum  system  is 
to  be  completed  by  the  end  of  1997.  The  PEP-II  project  is  to 
be  completed  by  the  end  of  1998. 


Fig.  4  Photon  stop  and  TSP 
IV.  TITANIUM  SUBLIMATION  PUMP 

Titanium  sublimation  pumps  (TSPs)  (Fig.  4)  have  been 
chosen  to  pump  the  photon  stop  region  because  of  their  high 
reliability,  high  pumping  spe^,  and  low  cost.  The  TSP  is 
located  right  under  the  photon  stop  and  has  a  pumping  speed 
of  8,000  liters  per  second.  The  active  surface  of  the  pump  will 
be  extruded  from  6063  aluminum  alloy.  The  face  of  these 
walls  have  deep  grooves  that  increase  ttic  capture  capability 
and  capacity.  The  grooves  increase  the  pumping  surface  by  a 
factor  of  ten.  The  initial  pumpdown  of  the  chamber  will  be 
done  with  ion  pumps.  Once  the  major  gas  load  is  removed, 
the  TSPs  will  be  activated.  After  initial  pumpdown,  it  is 
anticipated  that  the  time  between  activations  will  be  in  excess 
of  three  months. 


2068 


THE  VACUUM  UPGRADE  OF  THE  CERN  PS  AND  PS  BOOSTER 

M.  van  Rooij,  J.-P.  Bertuzzi,  M.  Brouet,  A.  Burlet,  C.  Burnside,  R.  Gavaggio,  L.  Petty,  A.  Poncet,  CERN 

1 .  THE  VACUUM  SITUATION  PRIOR  TO  1990  3.  THE  PROPOSED  UPGRADE 


The  PS  was  designed  and  build  in  the  mid  SOties  and 
entered  service  in  1959.  Vacuum  was  realised  with  some  100 
pumping  groups  each  one  composed  of  a  rotary  pump  and  an 
oil  diffusion  pump.  Most  of  the  seals  were  made  of  elastomer 
materials.  The  pressures  reached  at  that  time  were  in  the  10“"^ 
Pa  region.  Besides  the  high  pressure  the  bad  influence  on  the 
beam  of  the  heavy  hydrocarbon  molecules  was  detected  and  in 
the  late  60ties  the  change  to  Ion  Getter  Pumps  was  made.  This 
left  of  course  much  of  the  vacuum  containment  wall 
contaminated.  It  was  only  after  the  mid  SOties  that  all  100 
magnets  received  new  vacuum  chambers  made  out  of  vacuum 
fired  316L+N  stainless  steel.  Almost  all  seals  used  were  by 
then  made  in  metal;  lead,  aluminium  or  copper.  Most  of  the 
big  equipment  tanks  like  for  septa,  or  kickers  were  equipped 
with  rectangular  covers  with  vacuum  seals  made  up  out  of  a 
diamond  shaped  aluminium  extrusion  bend  and  welded  in  the 
appropriate  form.  The  total  installed  pumping  capacity  with 
some  So  x  200  1/s  and  some  40  x  400  1/s  gave  the  average 
pressure  in  the  late  SOties  in  the  1  x  10"^  Pascal  region  under 
static  conditions.  By  then  also  intensities  of  the  particle  beam 
had  increased  such  that  the  created  desorption  due  to  proton 
losses  and  to  synchrotron  radiation  from  leptons  gave  rise  to 
pressure  flashes  and  increases  by  a  factor  of  three. 

The  PS  Booster  was  designed  and  build  in  the  early  70ties 
with  its  4  stacked  rings  each  one  with  a  length  of  a  quarter  of 
the  PS  circumference.  The  vacuum  system  was  made  of 
corrugated  Inconel  tubes  in  the  magnets,  the  rest  being  mostly 
made  of  stainless  steel  316L+N  or  304L.  The  large  amount  of 
diagnostic,  injection  and  ejection  equipment  for  the  4  rings 
gave  rise  to  high  gas  loads  in  the  system.  With  its  some  38 
getter  ion  pumps,  each  one  of  400  1/s  the  static  pressure 
obtained  was  around  2  x  10"^  Pascal.  Up  to  early  in  1994 
there  was  hardly  any  influence  found  from  the  circulating 
particle  beams  on  that  static  pressure. 

2.  REQUIREMENTS  OF  THE  HEAVY  ION  PROJECT 

Around  ’87,  ’88  the  requirements  to  vacuum  in  view  of  the 
acceleration  of  partially  stripped  lead  ions  were  formulated  for 
the  PS  and  for  the  PSB.  Based  on  earlier  measurements  [1]  the 
aim  was  to  improve  the  pressure  in  the  PS  by  a  factor  of  5,  and 
in  the  PSB  by  a  factor  of  10  with  a  gas  composition  of  at  least 
50%  of  hydrogen  in  both  machines.  The  difference  between 
the  2  machines  stems  firom  the  difference  in  the  particle 
energies  as  well  as  from  other  factors  like  acceleration  time. 
As  formulated  then,  pressure  was  understood  to  be  the  sum  of 
the  partial  pressures  of  the  non-hydrogen  components  of  the 
rest  gas. 


In  order  to  reach  the  required  vacuum  improvement, 
besides  a  general  cleaning  action,  adding  sublimation  pumps 
and  cryo  pumps  to  the  existing  ion  pumps  was  considered. 
There  exists  a  CERN  design  of  a  Ti  sublimation  cartridge 
depositing  Ti  on  the  inside  of  a  0  200  mm  pump  body  along  a 
length  of  some  150  mm.  Connected  with  a  proper  conductance 
that  gives  a  pumping  speed  around  600  1/s  for  air  mixture  at 
the  beam  tube.  That  would  so  roughly  quadruple  the  pumping 
speed  there.  For  the  PS  that  would  not  be  entirely  sufficient, 
for  the  PSB  a  factor  of  more  than  2  would  still  be  missing. 

The  choice  of  cryo  pumping  to  improve  pressure  in  high 
outgassing  areas  was  not  retained,  but  improving  the  vacuum 
quality  of  the  beam  tubes  and  specially  of  the  necessary 
equipment  in  tanks  was  considered  to  be  a  more  economic 
approach,  certainly  point  of  view  of  later  exploitation  cost. 

4.  THE  FIRST  EVALUATIONS 

In  February  '88  the  first  measurements  were  made  in  the 
PSB  [2].  Four  Ti-sublimation  pumps,  each  one  with  an 
estimated  pumping  speed  of  1200 1/s,  were  installed  in  a  sector 
covering  some  10  %  of  the  circumference  of  the  machine  and 
containing  the  ejection  septa.  With  those  supplementary 
pumps  activated  an  average  pressure  of  3  x  10“^  Pa  was 
measured  in  the  sector.  The  pressure  measured  in  the  tank 
where  the  ejection  septa  are  installed,  a  high  pressure  area, 
was  1.3  X  10"^  Pa.  In  the  same  place  the  gas  composition  was 
measured,  expressed  here  for  some  gases  as  pressure  in  %  of 
the  total  pressure,  see  table  2,  first  column. 

In  1991  a  test  stand  composed  of  a  standard  6  m  long  PS 
magnet  vacuum  chamber  with  a  200  1/s  ion  pump  and  a 
prototype  1200  1/s  Ti-sublimation  pump  was  assembled  in 
order  to  measure  also  for  that  machine  the  effect  of  added 
pumping  speed.  Pressures  in  the  10"^  Pa  range  were  attained, 
also  in  the  middle  of  the  vacuum  chamber  length. 

5.  THE  DEFINED  UPGRADE 

Based  on  these  preliminary  results  it  was  concluded  that  it 
would  indeed  not  be  needed  to  rebuild  the  complete  vacuum 
system  such  that  for  instance  it  could  be  baked.  In  a  first  stage 
a  proper  cleaning  limiting  outgassing  of  existing  beam  tubes 
plus  adding  to  each  getter  ion  pump  a  Ti  sublimation  pump 
were  estimated  to  give  a  low  enough  pressure  to  obtain  a  high 
enough  transmission  rate  for  the  Lead  Ion  facility  to  be 
commissioned.  Some  optimisation  of  the  distribution  of 
pumping  speed  would  give  some  improvement  as  well, 
column  2  in  Table  2  gives  an  estimate  of  pressure, that  was 
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expected  to  be  reached  with  these  means  in  the  PSB,  with  its 
rest  gas  composition.  The  table  below  gives  an  early  estimate 
as  it  was  made  then  of  the  needed  equipment  for  such  an 
upgrade  in  both  machines.  This  equipment  plus  cost  of 
installation  foreseen  in  stage  1  for  the  PS  and  the  PSB  added 
up  to  over  10^  CHF.  Not  included  is  the  expenditure  for  the 
Heavy  Ion  Linac  itself. 


Ti  sublimation  pumps  complete  150 

Ion  getter  pumps  complete  20 

Pressure  measurement  eq.  70 

Rest  gas  analysing  equipment  6 

Roughing  groups  6 


-  Table  1  - 

A  second  stage  [3]  would  comprise  rebuilding  equipment 
and  their  large  rectangular  vacuum  tanks  both  in  the  PS  and  in 
the  PSB  to  limit  outgassing  in  order  to  obtain  the  highest 
possible  ion  transmissions  within  the  general  options  taken. 
In  the  PS  the  most  recent  vacuum  tanks  containing  equipment 
for  Lepton  injection  were  already  designed  to  be  round  with 
dished  end  covers  and  copper  wire  seals  allowing  a  soft  bake 
in  situ.  This  could  reduce  local  outgassing  rates  by  a  factor  of 
more  than  10. 

Before  the  execution  of  the  upgrade  programme  started  a 
complete  homogeneous  system  of  pressure  measurement  with 
Pirani-Penning  gauges  was  installed  in  both  machines  to  be 
able  to  follow  and  evaluate  in  steps  the  vacuum 
improvements.  In  December  93,  before  the  first  installations 
in  the  frame  of  the  upgrade  programme,  a  new  mass  scan  was 
made  in  the  PSB  in  a  different  and  more  representative  place 
for  the  whole  ring  as  a  reference  value,  see  table  2,  column  3. 

6.  THE  EXECUTION 
Mechanical  design  and  manufacturing 

The  design  and  manufacturing  job  started  in  1990. 
Besides  many  small  changes  three  main  items  were  needed  for 
the  first  stage.  The  existing  vertical  manifolds  in  the  PSB 
interconnecting  the  4  beam  tubes  were  to  be  modified  to 
accept  besides  the  getter  ion  pump  a  sublimation  pump  body 
connection  and  a  third  connection  for  a  second  getter  ion 
pump  was  foreseen.  This  would  increase  the  safety  factor  in 
the  case  of  one  getter  ion  pump  braking  down.  For  the  PS  a 
manifold  was  designed  that  would  interconnect  the  pumping 
manifold  to  the  standard  PS  magnet  vacuum  chamber  with  a 
pump  body  for  the  sublimator  and  with  the  existing  getter  ion 
pump.  Manufacturing  of  those  items  was  farmed  out  via  the 
CERN/MT  division’s  production  procurement  services  and  via 
direct  contacts  with  collaborating  institutions.  Extensive 
inspection  and  vacuum  testing  was  done  on  all  parts  received 
before  the  installation  was  allowed. 


Installation 

It  was  estimated  that  the  execution  of  this  first  stage 
would  require  altogether  some  2  man  years  on  top  of  the 
normal  maintenance  work  force  only  for  the  foreseen 
dismantling,  cleaning  and  installation  work  in  this  upgrade 
programme  in  the  2  machines.  Installation  started  in  the  1993 
shut  down  and  continued  in  ’94  and  ’95.  The  foreseen 
interventions  required  sometimes  simply  installation  of  newly 
manufactured  equipment  but  in  other  cases  also  each  time  in 
the  2  month  period  dismantling,  modification,  cleaning, 
testing  and  reinstallation  of  the  equipment,  for  instance  the 
adaptation  of  the  existing  manifolds  in  the  PSB.  This  required 
a  strict  planning  of  the  work  to  be  done,  also  in  view  of 
radiation  doses  to  the  personnel. 

Stage  two 

In  the  mean  time  some  doubts  had  risen  on  the  validity  of 
some  of  the  parameters  used  to  come  to  the  decisions.  More 
precise  measurements  on  loss  of  ions  with  well  known 
pressure  and  rest  gas  compositions  had  confirmed  that  the 
initial  presumptions  were  somewhat  optimistic.  Subsequent 
corrections  showed  that  one  could  maintain  the  same 
philosophy  as  initially  adopted,  but  one  should  really  try  to 
obtain  the  maximum  improvement  as  foreseen.  It  required  to 
include  at  least  part  of  stage  2  foreseen  for  later  years  in  the 
base  programme.  In  the  PS  the  redesign  and  replacement  of 
the  big  square  flanged  equipment  tanks  was  speeded  up.  New 
equipment  tanks  are  now  round  and  will  allow  a  soft  bake  out 
in  situ.  In  the  PSB  pumping  speed  was  increased  by  adding  9 
new  vertical  manifolds  interconnecting  the  4  vacuum  tubes  to 
the  30  existing  ones,  which  were  already  foreseen  to  be 
modified.  This  also  required  the  welcome  sacrifice  of  3 
columns  of  4  sector  valves  each.  This  gave  a  PSB  machine 
with  only  2  sectors,  the  injection-ejection  area  and  the  rest  of 
the  machine. 

Now  the  upgrade  programme  is  enlarged  including  now 
also  new  round  copper  sealed  vacuum  tanks  in  the  PSB,  a 
complicated  and  difficult  design  with  the  4  stacked  rings, 
besides  the  redesign  and  improvement  of  the  vacuum  quality 
of  the  equipment  inside.  Execution  of  this  has  started  and  will 
be  implemented  during  the  ’96  and  ’97  machine  shut  downs. 

7.  CONTROLS 

Ti-sublimation  pumps  power  supply 

A  new  design  for  the  Ti-sublimator  power  supply  was 
developed  in  order  to  obtain  the  maximum  number  of 
sublimations  from  a  2  mm  0  Ti  wire  before  break  down.  This 
requires  to  control  precisely  its  temperature  and  therewith  the 
sublimation  rate  since  that  varies  strongly  with  the 
temperature  and  so  with  the  heating  current  send  through  it.  It 
was  already  known  that  the  electron  emission  from  the  wire, 
when  put  at  a  negative  polarisation  voltage  against  the 
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surrounding  volume,  could  be  measured  and  used  as  a 
reference  value  [4].  The  control  unit  reads  that  emission 
current  le  and  adjusts  then  the  heating  current  1^  through  the 
wire  so  that  it  stays  constant  at  a  set  value.  At  some  141 OT 
the  wire  emits  an  le  of  10  mA  in  the  given  geometrical 
configuration.  That  will  then  correspond  to  a  sublimation  rate 
of  some  40  mg/h  of  Ti.  This  current  will  be  switched  on  with  a 
smooth  rise  in  order  to  prevent  thermal  shock  and  early  break 
down  of  the  wire.  It  will  then  stay  at  this  high  temperature  for 
some  90  sec,  depositing  a  few  monolayers  of  fresh  Ti  on  the 
inside  of  the  pump  body.  This  required  also  a  special  design  of 
the  sublimator  cartridge  with  the  2  Ti  wires  insulated  from 
ground  and  a  central  anode  at  ground  potential.  With  the 
increasing  number  of  sublimations  the  characteristics  of  the 
wire  change,  but  the  regulation  system  keeps  the  emission 
current  and  so  also  the  sublimation  rate  constant.  This  will 
increase  the  possible  number  of  sublimations  from  a  single 
filament  to  up  to  above  a  thousand,  and  with  the  second 
filaments  as  spare,  a  lifetime  of  more  than  one  year  is 
guaranteed  for  the  sublimator  cartridge. 

General  control  system 

During  the  last  2  shut  downs  in  a  consolidation 
programme  all  HV  power  supplies  for  getter  ion  pumps  were 
changed  to  eliminate  PCB.  The  general  control  system  in  the  2 
machines  was  also  changed.  Instead  of  the  CAMAC  system 
before  now  high  power  local  VME  crates  (DSC's)  that  contain 
much  of  the  programmes  are  controlled  via  Ethernet  and  can 
be  accessed  from  work  stations  spread  over  the  site. 
Sophisticated  application  programmes  can  be  started  there  that 
will  allow  to  switch  on  as  needed  groups  of  sublimators  at 
preset  intervals  for  a  fixed  number  of  times.  In  this  way  one 
aims  for  the  best  effect  on  the  vacuum  for  a  minimum  of  Ti 
consumption  and  so  guarantee  a  maximum  lifetime. 

8.  RESULTS 

Pressure  and  gas  composition  measurements  were  made 
mainly  in  the  PS  Booster  before  any  installation  in  the  frame 
of  the  upgrade  programme  started,  and  also  before,  during  and 
after  the  first  Lead  Ion  injections  into  the  PSB  and  PS.  Due  to 
pulsating  magnetic  and  radio  frequency  fields  it  is  difficult  to 
measure  pressure,  and  more  so  rest  gas  composition  during 
operation  of  the  machines.  For  this  reason  most  measurements 
are  made  under  static  conditions,  that  means  without  those 
fields  and  so  without  beam.  On  the  other  hand  it  is  important 
to  know  the  dynamic  behaviour  of  the  vacuum,  since  during 
the  super  cycle,  mostly  in  the  PS,  different  types  of  particle 
beams  circulate  of  which  some  have,  due  to  their  character  or 
intensity,  big  influence  on  desorption  and  so  on  the  pressure 
and  therewith  on  the  transmission  of  heavy  ions  in  following 
cycle.  Due  to  these  circumstances  it  is  extremely  difficult  to 
come  forward  with  precise  predictions  on  heavy  ion 
transmission  rates  through  these  machines.  With  continuous 
and  high  repetition  rate  acquisitions  and  signal  treatment  one 
can  nevertheless  obtain  for  instance  approximate  rest  gas 


composition  read  outs  from  analysers  and  together  with 
pressure  readings  calculate  these  rates,  as  presented  in  the 
table  2  below.  The  partial  pressure  percentages  are  based  on 
quadrupole  spectrometer  measurements  corrected  for  different 
instrument  sensitivities.  The  bottom  line  shows  an  estimate  of 
the  transmission  based  on  more  recent  measurements  [5].  It  is 
calculated  with  the  help  of  a  programme  that  derives  fi:om  the 
pressure  and  the  rest  gas  composition  the  density  and  the 
squared  sum  of  all  Z's  which  then  together  with  the  duration  of 
the  acceleration  is  used  to  obtain  the  apparently  optimistic 
estimate  of  the  transmission  rate. 

9.  CONCLUSION 

Up  till  end  1994  in  the  PSB  work  was  concentrated  on 
cleaning  and  the  pumping  capacity  was  considerably 
increased.  In  the  PS  mainly  some  equipment  tanks  were 
changed.  This  together  with  general  care  was  sufficient  to 
obtain  a  transmission  rate  good  enough  for  commissioning, 
see  column  4  in  table  2.  During  this  year  1995  the  pumps  in 
the  PS  will  also  be  activated.  This  will  allow  to  obtain  assure 
good  conditions  for  the  Heavy  Ion  run  in  the  second  half  of 
this  year.  Due  to  the  character  of  the  transmission  phenomena 
and  within  the  limits  of  the  options  taken  a  vacuum  pressure 
improvement  will  always  improve  transmission.  The 
execution  of  the  rest  of  the  upgrade  programme  will  hopefully 
bring  total  transmission  through  the  two  machines  well  above 
70%.  This  will  depend  also  from  decisions  taken  on  the  mode 
of  operation  of  the  machines,  specially  the  types  of  particles 
and  their  intensity  in  the  different  cycles  as  well  as  their  order 
in  the  train  of  the  super  cycle. 


Date 

Febr.'88 

Febr.'88 

Dec.'92 

Dec.'94 

Apr.'95 

Pascal 

1.3  X  10-6 

3.0  X  10- 

M.8  X  10-6 

3.0  X  10-’ 

3.1  X  10-’ 

H2 

73 

80 

74 

82 

89 

CH4 

1.5 

2 

2 

0.3 

1 

H2O 

12.5 

10 

17.7 

3 

5 

CO 

- 

- 

4.5 

2 

- 

N2 

13 

8 

- 

12 

5 

Ar 

- 

- 

- 

0.3 

- 

CO2 

- 

- 

1.1 

0.2 

- 

Transm. 

0.31 

0.68 

0.13 

Table  2  - 

0.65 

0.73 
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[2]  Vacuum  tests  in  the  PSB  with  sublimation  pumps. 
PS/ML-TN-88-10.  M.Brouet,  M.  Bourgeois  et  A.  Poncet 

[3]  Upgrade  of  the  PS  vacuum  system  for  Lead  Ions. 
PS/ML-NI-87.  A.  Burlet  et  A.  Poncet. 

[4]  A  study  of  a  new  method  to  control  precisely  the 
evaporation  rate  of  Titanium  sublimation  pumps. 
CERN-ISR-VA/79-34.  Pierre  Strubin. 
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Abstract 

A  vacuum  system  for  the  insertion  devices  at  the  Advanced 
Photon  Source  was  designed,  and  chambers  of  this  design  were 
successfully  manufactured  and  tested.  Three  different  versions 
of  the  vacuum  chamber  have  been  developed  with  vertical 
apertures  of  12  mm,  8  mm,  and  5  mm,  respectively.  The 
chambers  are  fabricated  by  extruding  6063  aluminum  alloy  to 
form  a  tube  with  the  desired  internal  shape  and  machining  the 
exterior  to  finish  dimensions.  The  wall  thickness  of  the 
completed  chamber  at  the  beam  orbit  position  is  1  mm.  The 
design  utilizes  a  rigid  strongback  that  limits  deflection  of  the 
chamber  under  vacuum  despite  the  thin  wall.  Chambers  with 
lengths  of  2.2  m  and  5.2  m  have  been  fabricated.  Pumping  is 
accomplished  by  a  combination  of  lumped  and  distributed  non- 
evaporable  getters  and  ion  pumps.  An  ultimate  pressure  of 
5  l-lQ-ll  ton*  was  achieved  with  the  12-mm  vertical  aperture 
prototype.  Alignment  of  the  vacuum  chamber  on  its  support 
stand  can  be  made  with  a  precision  of  ±25  |im  in  the  vertical 
plane,  which  allows  minimum  insertion  device  pole  gaps  of 
14.5  mm,  10.5  mm,  and  7.5  mm. 

1.  INTRODUCTION 

In  order  to  meet  requirements  for  the  integration  of  the 
insertion  device  vacuum  chamber  (ID  VC)  as  a  part  of  the  APS 
storage  ring  and  to  optimize  the  insertion  device  performance, 
the  ID  VC  design  must  meet  the  following  technical 
specifications: 


vacuum  pressure 
(e+  beam  off) 

<2x10-10 

vacuum  pressure 
(e+  beam  on) 

<1x10-9 

horizontal  aperture 

51  mm  (40  mm)  (30  mm) 

vertical  aperture 

12  ±  .2  mm  (8  ±  .2  mm)(5  ±  .2  mm) 

min  VC  wall 
thickness 

1  ±  .1  mm 

total  budget  of 
"unflatness"  over 
the  5.2  meter 

j£SS* _ 

.5  mm 

The  vacuum  wall  thickness  and  the  flatness  are  driven  by 
the  requirements  of  the  insertion  device  performance  at 
minimum  magnetic  gap. 

While  the  vacuum  requirements  for  the  ID  VC  are  the 
same  as  for  the  rest  of  the  storage-ring  vacuum  system,  the 
requirements  for  the  mechanical  structure  are  quite  different.  In 
particular,  the  vertical  and  horizontal  apertures  are  much 
smaller  than  those  for  the  SR  VC.  Also,  the  tight  flatness 
tolerances  must  be  met  along  the  entire  5.2-meter  length  of  the 
thin-walled  ID  VC.  The  SR  VC  does  not  require  such  tight 
flatness  tolerances  [1].  In  order  to  meet  these  specifications,  a 
new  cross  section  (Fig.  1)  for  the  ID  VC  was  designed.  The 


new  design  is  based  on  an  approach  termed  "tolerances 
guidance,"  in  which  the  thin- walled  part  of  the  ID  VC  will 
follow  the  thick  body  of  the  rest  of  the  ID  VC  in  all  its 
deviations  from  a  straight  line. 


(c) 


Figure  1.  Cross-section  of  the  8-mm  ID  vacuum  chamber. 
a)extrusion,  b)after  machining,  c)end  geometry  showing  the 
locations  of  beam  position  monitors. 

IL  FABRICATION 

The  manufacturing  process  for  the  ID  VC  consists  of  two 
major  steps:  an  extrusion  and  a  subsequent  machining.  The  ID 
VC  is  extruded  from  the  aluminum  alloy  6063  T6  (as  is  the 
SR  VC).  The  complicated  pattern  of  this  cross  section  results 
from  the  following  requirements:  first,  uniform  material  flow 
in  the  extrusion  process;  second,  rigidity  of  the  ID  VC  with 
and  without  atmospheric  pressure,  and  third,  compatibility 
with  thin-walled  machining.  The  most  critical  dimension  of 
the  cross  section  is  the  opening  on  the  right  side  where  the 
positron  beam  moves  through  the  ID  magnetic  field.  The 
maximum  deviation  from  the  nominal  dimension  of  12  mm 
did  not  exceed  50  |im  for  5  randomly  selected  extruded  ID  VCs. 
The  machining  brings  the  outside  dimension  down  to 
14mm±100|Lim  along  the  5.2-meter  length. 


♦Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 
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5.590  m 


Figure  2.  Layout  of  the  5m  ID  vacuum  chamber.  1)  ID  chamber,  2)  3)  stainless  steel  end  box, 
4)  bellows,  5)  support  structure 


An  insertion-device  vacuum  system  with  a  total  length  of 
5590  mm  will  occupy  an  Advanced  Photon  Source  (APS) 
storage  ring  straight  section.  Two  configurations  for  the 
insertion-device  vacuum  system  have  been  designed.  The 
primary  configuration  will  accommodate  two  insertion  devices 
while  the  secondary  will  accommodate  only  one  device  in  the 
APS  straight  section.  We  intend  to  use  the  secondary 
configuration  only  during  the  commissioning  or  where  no 
future  need  for  two  insertion  devices  is  foreseen.  [2]  The 
general  layout  of  the  first  configuration  is  shown  in  Fig.  2. 

The  insertion  devices  vacuum  system  is  placed  between 
two  UHV,  all-metal  valves.  The  ID  VC  is  supported  by  three 
rigid  stands  equipped  with  alignment  screws.  Threaded  holes 
with  stainless  steel  inserts  are  used  to  attach  the  chamber  to  the 
brackets  of  the  support  stands.  The  total  deviation  of  the  thin- 
walled  part  of  the  vacuum  chamber  from  the  plane  surface  does 
not  exceed  50  |Lim  when  it  is  installed  on  the  support.  During 
tests  this  alignment  was  maintained  during  hun^eds  of  hours 
of  observation  in  a  room  with  a  temperature  variation  of  more 
than  2“  C. 

In  order  to  achieve  and  control  the  required  vacuum,  the  ID 
VC  is  equipped  with  a  set  of  vacuum  pumps  and  vacuum 
gauges.  The  total  pumping  capacity  is  achieved  by  combining 
two  ~5  meter-long  non-evaporable  getter  (NEG)  strips  with  an 
average  pumping  speed  of  -6  l/(sec  cm),  a  30  1/sec  ion  pump, 
and  a  220  1/sec  lumped  NEG  pump  in  each  end  box.  The 
calculated  results  for  the  chosen  geometry  and  pumping 
capacity  are  presented  in  Fig.  3  [3]. 

In  addition  to  the  pumps,  the  end  boxes  (Fig.4)  also 
accommodate  transition  sections,  an  x-ray  absorber,  and 
vacuum  analyzers.  The  transition  section  in  the  upstream  box 
is  a  water-cooled  copper  block  that  provides  a  smooth 
transition  between  the  aperture  of  the  ID  and  SR  vacuum 
chambers.  The  transition  block  in  the  downstream  box  is  not 
water  cooled.  Both  transition  sections  must  be  installed  to 
avoid  impedance  mismatches  which  would  effect  the  positron 
beam.  The  x-ray  absorber  is  located  in  the  downstream  end 
box.  It  prevents  the  bending  magnet  synchrotron  radiation  from 
penetrating  the  vacuum  valve.  Thermal  calculations  show  that, 
under  relatively  moderate  cooling  conditions,  the  temperature 
rise  on  the  surface  of  the  transition  block  or  on  the  x-ray 
absorber  does  not  exceed  110*’  C  with  a  300-mA  positron 


current  in  the  storage  ring  and  under  maximum  x-ray  beam 
mis-steering. 


Distance  (m) 


Figure  3.  Pressure  profile  of  storage  ring  sector  showing  the 
position  of  the  insertion  device  vacuum  chamber  (top)  and 
pressure  profile  within  the  12  mm-aperture  chamber. 
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One  of  the  walls  in  each  end  box  is  made  of  a  bimetal  roll- 
bonded  composite  of  stainless  steel  and  aluminum  alloy  to 
simplify  the  welding  of  the  end  boxes  to  the  vacuum  chamber. 


Figure  4.  Vacuum  end  box.  1)  bimetallic  wall,  2)  x-ray 
absorber,  3)  rf  transition,  4)  diagnostic  port,  5)  and  6)  pumping 
ports,  7)  NEG  feedthrough  port. 

Each  vacuum  chamber  is  machined  to  provide  a  smooth 
transition  from  the  chamber  aperture  to  the  12  mm  aperture  of 
the  end  box.  This  enables  the  use  of  a  single  end  box  design 
for  the  three  different  apertures  of  vacuum  chambers. 

In  summary,  the  ID  VC  manufacturing  procedure  consists 
of  the  following  set  of  steps: 

1)  extrusion  of  the  6-meter-long  chamber  with 
subsequent  stretching  to  remove  twist  and  bow; 

2)  additional  straightening  on  a  hydraulic  press  before 
machining; 

3)  machining  the  final  cross  section  and  to  ready  the  ends 
for  welding;  also,  machining  of  the  precision 
platforms  for  the  beam  position  monitor  placement 
on  both  ends  of  the  chamber; 

4)  manufacturing  of  both  end  boxes  (in  parallel); 

5)  welding  the  boxes  to  the  vacuum  chamber  on  an 
automatic  welding  machine. 

Before  welding  the  end  boxes  are  cleaned  and  baked  in  a 
vacuum  furnace  at  a  temperature  of  up  to  the  300  degree  C, 
followed  by  a  leak  test.  After  welding  the  whole  vacuum 
chamber  undergoes  a  thorough  second  cleaning[3],  leak  test, 
bakeout,  and  certification, 

III.  TESTING  AND  RESULTS 

The  standard  baking  procedure,  including  the  NEG  strip 
activation,  usually  takes  three-four  days  after  which  the  find 
pressure  in  the  ID  VC  is  <2x10"^^  Torr.  To  date,  we  have 
finished  manufacturing,  assembly,  and  certification  of  7  ID 
VCs. 

The  measured  maximum  deflection  of  the  thin-walled  part 
of  the  ID  VC  under  atmospheric  pressure  did  not  exceed  35|im 
on  each  wall  for  the  12  mm  and  the  5  mm  VC  and  about  50 


microns  for  the  8  mm  VC.  These  measurements  are  in  a  good 
agreement  with  the  ANSYS  calculations.  The  deflection 
increased  only  slightly,  about  10  |im,  after  the  bakeout  and  did 
not  change  afterwards.  As  mentioned  above,  the  "straightness” 
specification  was  exceeded  by  an  order  of  a  magnitude; 
allowing  smaller  gaps  of  the  APS  insertion  devices  and 
extending  their  capabilities  [4].  The  ultimate  vacuum  achieved 
in  ID  VC  was  S.lxlO"^^  torr.  Hydrogen  dominates  in  the 
residual  gas  spectrum  in  good  agreement  with  the  calculations 
and  expectations. 

There  are  at  least  two  alternative  approaches  to  the  design 
of  a  small  vertical  aperture  ID  VC.  One  is  to  use  a  the  thin 
wall  flexible  stainless  steel  VC  which  is  more  expensive  and 
also  is  much  bulkier,  especially  on  the  ends.  The  other  is  to 
use  a  welded  stainless  steel  VC  as  has  been  built  at  ESRF  but 
it  is  very  difficult  to  achieve  the  required  flatness. 
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ABSTRACT 

We  have  built  and  tested  an  all-in-one  combination  plate- 
type  distributed  ion  pump/non-evaporable  getter  pump  design 
(DIP/NEG)  considered  as  a  proposed  alternative  pumping 
system  for  the  PEP-II  B-Factory  High  Energy  Ring  (HER). 
The  DIP  portion  of  the  design  used  a  Penning  cell  hole  size  of 
12  mm  in  a  mostly  uniform  magnetic  field  of  0.18  T.  The 
NEG  portion  of  the  design  used  commercially  available  non- 
evaporable  getter  material  type  St-707'^^[1].  A  detailed 
description  of  the  design  is  presented  along  with  results  of 
pumping  speed  measurements. 


getters  have  in  pumping  H2  and  CO.  Concerns  about  the 
ability  to  handle  the  quantities  of  gas  expected  to  be  generated 
from  the  high  photon  fluxes  and  uncertainties  of  the  gas 
desorption  properties  of  the  final  chamber  material,  Cl 01 00 
OF  copper,  precluded  the  sole  use  of  non-evaporable  gettering 
as  the  distributed  pumping  method  in  the  arc  sections  of  the 
HER.  A  distributed  pumping  speed  of  135  1/s/m  within  the 
beam  passage  was  calculated  as  adequate  to  achieve  the 
pressure  requirement  in  the  arcs  given  the  latest  screen  design 
of  calculated  conductance  of  450 1/s/m. 

PUMPING  SYSTEM  DESCRIPTION 


INTRODUCTION 


Operation  of  the  PEP-II  Asymmetric  B-Factory  collider  in 
the  9  GeV,  3  A  mode  or  12  GeV,  1  A  mode  places  significant 
pumping  speed  requirements  on  the  High  Energy  Ring  (HER) 
vacuum  pumping  system  design.  The  high  gas  loads 
generated  by  the  intense  photon  synchrotron  radiation  fan 
striking  the  copper  vacuum  chamber  wall  necessitate  a 
vacuum  pumping  scheme  that  maintains  the  required  HER 
pressures. 

Using  a  gas  desorption  coefficient  (eta)  of  2  x  10"^ 
molecules/photon[l],  the  calculated  gas  load  at  9  GeV,  3  A 
operation  will  be  1.06  x  10“^  Torr  1/s/m.  Average  pressures 
required  in  the  arcs  are  10  nTorr  at  3  A  operation.  The 
vacuum  system  of  a  typical  arc  cell  as  seen  in  Figure  1 
consists  of  two  6  m  long  dipole  vacuum  chambers  and  two 
quadrupole  chambers  2  m  long  each.  The  quadrupole 
chambers  will  be  pumped  with  60  1/s  noble  diode  lumped  ion 
pumps  (LIPs).  The  dipole  chamber  at  6  m  in  length  precludes 
pumping  from  the  ends,  thus  distributed  ion  pumping  is 
planned  to  offset  the  low  conductance  of  the  beam  tube 
calculated  at  40 1/s/m. 


Quadrupole  Chamber  with  60 1/s  Noble  Diode  Lff 

op  “ftc  -Qi 


DIP  within  6  m  Arc  Chamber  inside  5.4  m  HER  Dipole 


Figure  1.  HER  arc  cell  showing  DIP 
location  in  5.4  meter  dipole 

This  alternate  to  distributed  ion  pumping  alone  was 
considered  based  on  the  known  benefits  that  non-evaporable 


To  achieve  this  pumping  speed,  a  combination  pumping 
design,  using  a  plate-type  distributed  ion  pump  mounted  along 
side  a  radiation  shielded  pair  of  non-evaporable  getter  strips 
was  prototyped  and  tested.  The  getter  material  is  a  patented 
commercially  available  product  St-707"^[1]  that  consists  of 
70%Zr-25%V-5%Fe  material  that  is  mountki  on  30  mm  wide 
constantan  strips.  The  NEG  strips  start  active  pumping  after 
they  are  heated  per  manufacturer’s  recommendation.  For  this 
design  with  side-by-side  strips  roughly  85  A  at  6  volts/meter 
was  required  to  reach  the  recommended  450  C  activation 
temperature.  Figure  2  shows  a  photograph  of  1/3  of  the 
combined  DIP/NEG  prototype.  As  with  the  DIP-only  design, 
described  in  detail  in  a  separate  paper  presented  at  this 
conference[3],  a  plate-type  anode  was  chosen,  as  this  type  is 
known  to  have  relatively  higher  pumping  speeds  than  that  of 
the  cylindrical  type[4]  i.e.  the  basic  plate  type  design  has  a 
higher  conductance  over  solid  cylinders  that  dlow  gas  to  enter 
the  cells  only  from  the  ends.  The  pump  shown  is  located  in  a 
channel  space  50  mm  high  by  83  mm  wide  adjacent  to  a  6  mm 
specially  extruded  and  machined  copper  screen  plate  formed 
to  the  same  shape  as  the  far  side  of  the  beam  tube.  The  6  mm 
thick  screen  considered  at  the  time  consisted  of  a  4  parallel 
slot  screen  with  2.5  mm  slots  9  cm  long  with  1  cm  spaces. 


Figure  2.  Photograph  of  DIP/NEG-RG  Prototype 


*  This  work  was  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  Lawrence  Livermore  National  Laboratory 
and  by  Stanford  Linear  Accelerator  Center  under  contracts  W-7405-ENG-48(LLNL)  and  DE-AC03-76SF00515  (SLAC) 


0-7803^3053-6/96/$5.00  ®1996  IEEE 
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The  DIP  portion  of  the  1.1  meter  long  DIP/NEG  design  as 
shown  in  Figure  3  consists  of  a  laser  welded  single  piece  304 
stainless  steel  anode  (316L  SS  for  production  version)  that  has 
seven  equally  spaced  plates.  The  seven  plates  are  0.38  mm 
(0.015  in)  thick.  The  anode  ends  have  S-springs  0.38  mm 
(0.015  in)  thick  that  allow  expansion  as  thermal  loads  heat  it 
during  operation  at  high  pressures  as  well  as  during  the  initial 
200  C  dipole  chamber  bakeout.  Possible  future  in-situ  95C 
bakes  within  the  PEP  tunnel  will  also  be  accommodated  with 
this  spring  design.  The  same  spring  allows  for  thermal 
expansions  and  contractions  during  normal  operations  at  low 
pressures  within  the  PEP  tunnel  environment.  To  keep  the 
anode  from  easily  vibrating,  it  is  attached  by  fasteners  at  the 
center  to  a  3  mm  thick  stainless  steel  NEG  radiation  shield 
that  also  serves  as  the  central  support  structure  for  the  entire 
DIP/NEG  assembly.  The  anode  holes  are  12  mm  in  diameter 
in  a  closed  packed  array  as  seen  in  Figure  3.  The  side  plates 
that  hold  the  anode  assembly  together  have  been  laser  welded 
to  the  edges  in  a  triangular  bridge- type  structure  for  stiffness. 
The  entire  sag  of  the  anode  was  less  than  0.025  mm  (0.001  in) 
when  supported  only  by  the  ends. 


Figure  3.  Isometric  view  of  the  DIP/NEG  Design  with  a 
close-up  of  the  Anode  End  with  Thermal  Expansion  ’S’-spring 

The  original  DIP/NEG  design  developed  used  a  grounded 
titanium  cathode  with  a  positive  hi-voltage  anode,  i.e.  very 
common  type  diode-type  ion  pump.  Concern  was  expressed, 
based  on  operation  of  other  electron  storage  rings,  that  the 
DIPs  could  be  injecting  ion  particles  into  the  beam  chamber 
that  are  sometimes  'trapped'  by  the  beam  causing  beam 
lifetime  problems [5].  To  avoid  this  problem,  a  reversed 
ground,  negative  polarity  diode  ion  pump  design  was  used  for 
prototyping  and  testing.  This  meant  that  the  anodes  are  now 
grounded  to  the  copper  chamber  and  the  cathodes  are  held  at  a 
negative  high  voltage.  The  new  design  is  labeled  a  DIP/NEG- 
RG  where  the  RG  signifies  reverse  ground. 

For  the  actual  prototype,  the  module  length  remained  at  1.1 
meters  because  the  laser  welded  anode  stiffness  allowed  this 
length.  This  design  minimizes  the  total  number  of  insulators 
(basically  one  insulator  per  module  plus  one  additional  at  the 


end  of  a  module  string).  Fewer  insulators  help  to  keep  the  I/P, 
DIP  current/pressure  value  to  a  minimum  which  is  of  benefit 
when  using  the  ion  pump  current  as  a  localized  method  for 
measuring  pressure  in  the  HER.  To  make  the  cathode  plates 
stiff  enough  and  to  maintain  a  nominal  4  mm  clearance 
between  all  grounded  surfaces,  the  cathodes  were  partially 
deformed  as  seen  in  Figure  4.  The  cathode  ends  were  joined 
and  made  with  fixed  supports  on  the  ends  with  special 
fastened/welded  brackets.  We  also  added  two  simple  posts 
through  the  anode,  but  with  adequate  clearance  at  roughly  1/3 
meter  points  along  the  cathode.  The  posts,  at  6  mm  (0.25  in) 
in  diameter,  eliminated  three  anode  cells  at  these  two  support 
locations.  On  top  and  bottom  of  the  cathodes,  large,  specially 
machined  ceramics  also  proved  to  be  necessary  at  the  two  post 
locations  to  maintain  the  cathodes  minimum  3  mm  high 
voltage  clearances  along  its  entire  length.  These  ceramics 
basicily  made  the  largest  span  of  any  part  of  a  single  cathode 
plate  only  1/3  of  a  meter.  The  box  structure  on  the  end  of  the 
cathodes  was  connected  to  a  simple  19  mm  diameter 
cylindrical  shielded  Steatite  insulators  via  "S-springs"  of  flat 
0.38  mm  (0.015  in)  304  stainless  steel  to  allow  for  thermal 
expansion  along  its  length  in  the  same  way  as  the  grounded 
anodes. 


Figure  4.  Close-up  of  DIP/NEG-RG  showing 


Deformed  Cathode 

The  NEG  portion  of  the  DIP/NEG-RG  is  mounted  with 
specially  designed  electrically  insulated  stainless  steel  two- 
piece  clips  that  snap  together  at  the  same  time  clamping  the 
edges  of  the  NEG  strips  as  seen  in  Figure  2.  Each  clip  is  made 
to  hold  the  NEG  at  two  locations  25  mm  apart  to  a  set  angle  to 
force  the  parallel  NEG  strips  to  expand  and  contract  without 
touching  by  approximating  a  10  mm  peak-to-peak  (P-P)  sine- 
wave  pattern.  In  this  way,  during  the  large  thermal  growth 
only  a  2  mm  P-P  increase  occurs  during  initial  activation  and 
subsequent  regenerations  to  450  C.  The  NEGs  can  expand 
and  contract  without  ever  shorting  out  or  touching  on  any 
other  surfaces.  Sliding  surfaces  as  well  as  overheating  is 
known  to  generate  undesired  particulates  to  be  formed  from 
the  NEG  strips  which  is  minimized  with  this  design. 

ANODE  AND  CATHODE  PREPARATION 

The  cathodes  were  baked  to  800  C  in  a  turbo  pumped 
evacuated  chamber  at  SLAG  to  remove  the  majority  of  the 
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Table  1.  Measured  Pumping  Speeds  for  NEG-only,  DIP-only  and  DIP/NEG-RG  in  the  actual  non  uniform 


0.18  T  magnetic  dipole  field  at  different  constant  flows  of  N2  and  80%H220%CO  gases  all  with  a  600 1/s/m  4-Slot  Screen 


Date 

Test  Type 

Q(Orif)- 

Q(Orif)~5.0e-7tl/s 

KOSQilB 

1.0  e-6  tl/s 

uSBhI 

S  (1/sec) 

Pbar 

(torr) 

S  (1/sec) 

EGSSH 

S  (1/sec) 

S  (1/sec) 

6/2/94 

NEG-only  N2 

1.4E-08 

35 

2.9E-08 

37 

5.4E-08 

29 

3.0E-07 

23 

5  hr  run  w/wo  turbo 

1.3E-08 

55 

3.2E-08 

33 

5.6E-08 

27 

3.1E-07 

19 

6/3/94 

NEG-OnlyN2 

5.0E-08 

5  hr  run  -  NEG  only 

l.OE-07 

6/9/94 

DIP-only  N2  (Almost  Dead  NEG) 

3.0E-09 

54 

8.3E-09 

76 

1.7E-08 

85 

6.1E-08 

99 

5  hr  run  w/wo  turbo 

3.1E-09 

52 

8.5E-09 

77 

84 

5.9E-08 

100 

6/10/94 

DIP-only  N2  (Almost  Dead  NEG) 

2.9E-09 

60 

7.6E-09 

79 

1.2E-08 

90 

4.6E-08 

106 

5  hr  run  w/wo  turbo 

2.9E-09 

60 

7.4E-09 

83 

1.2E-08 

91 

4.4E-08 

104 

6/14/94 

DIP/NEG  Combination  N2 

3.0E-09 

104 

9.1E-09I  112 

1.6E-08 

1  117 

4.5E-08 

125 

5  hr  run  wo  turbo 

6/16/94 

DIP/NEG  Combination(DIP  Cond)N2 

2.3E-09 

66 

7.3E-09 

94 

1.2E-08 

3.8E-08 

120 

5  hr  run  wo  turbo 

6/28/94 

DIP/NEG  Combination  -N2 

2.5E-09 

63 

6.3E-09 

91 

99 

4.7E-08 

114 

5  hr  run  wo  turbo 

2.7E-09 

68 

6.8E-09 

84 

i.5E-08 

99 

4.7E-08 

112 

6/28/94 

NEG-OnlyN2 

1.2E-08 

20 

4.0E-08 

14 

7.0E-08 

2.8E-07 

17 

6/29/94 

DIP/NEG  Comb-80%H2/20%CO 

2.9E-09 

239 

7.0E-09 

240 

1.4E-08 

258 

4.1E-08 

294 

5  hr  run  wo  turbo 

3.2E-09 

228 

7.4E-09 

239 

1.4E-08 

263 

3.3E-08 

308 

NEG-Only-80%H2/20%CO 

2.2E-08 

77 

4.2E-08 

54 

8.3E-08 

47 

2.6E-07 

42 

6/30/94 

DIP/NEG  Comb-80%H2/20%CO 

2.5E-09 

396 

7.2E-09 

272 

1.3E-08 

282 

4.2E-08 

296 

5  hr  run  wo  turbo 

2.5E-09 

387 

7.6E-09 

278 

1.3E-08 

282 

3.7E-08 

324 

NEG-Only-80%H2/20%CO 

2.2E-08 

129 

5.1E-08 

47 

9.3E-08 

41 

3.3E-07 

35 

7/1/94 

DIP/NEG  Comb-80%H2/20%CO 

2.2E-09 

401 

6.5E-09 

273 

l.lE-08 

314 

4.0E-08 

333 

5  hr  run  wo  turbo 

2.3E-09 

369 

6.6E-09I  305 

1.2E-08 

1  320 

3.8E-08 

363 

NEG-Only-80%H2/20%CO 

2.3E-08 

213 

4.8E-08 

8.5E-08 

47 

3.3E-07 

41 

hydrogen.  The  Anode  assembly  was  not  prebaked  for  the 
prototype  test,  but  was  baked  at  the  standard  200  C  after 
installation  inside  of  the  DIP  Test  Stand  at  LLNL[6]. 

TESTING  DESCRIPTION  AND  RESULTS 

The  NEG  was  activated/regenerated  by  heating  to  450  C  for 
typically  a  minimum  of  1  hour  while  the  system  was  pumped 
with  a  1000  1/s  turbo  in  the  DIP  test  chamber  at  LLNL.  The 
NEG  immediately  starts  pumping  upon  activation.  We 
quickly  learned  after  doing  the  first  NEG-only  pumping  speed 
measurements,  that  the  best  NEG  activations  occurred  at 
lower  vacuum  pressures.  Thus  we  were  able  to  obtain  better 
pumping  speeds  after  several  regenerations,  gauge  degas 
operations  and  system  rebakes.  In  Table  1  is  shown  the 
results  of  several  of  the  pumping  speed  measurements  made. 
All  of  the  tests  for  the  NEG-only,  DIP-only  and  DIP/NEG-RG 
combination  were  performed  with  N2  and  a  gas  mixture  of 
80%H220%CO. 

RESULTS  AND  SUMMARY 

The  measurements  show  that  the  DIP/NEG-RG  gave 
acceptable  pumping  speeds.  The  loss  of  DIP  pumping  speed 
by  its  reduced  size  was  made  up  by  the  increased  pumping 
speed  of  the  NEG  strips.  The  requirement  to  place  a  solid  3 
mm  stainless  steel  radiation  shield  between  the  NEG  strips 
and  the  beam  did  however  cause  a  decrease  in  conductance  for 
the  NEGs  as  was  reflected  in  the  measurements.  Concern 
about:  (1)  the  added  cost  of  a  more  complex  design,  the  NEG 
material  and  power  supplies  for  the  entire  HER,  (2)  the  added 
requirement  of  fairly  frequent  regenerations  during  initial 
startup  and  (3)  the  added  risk  of  increased  particulates  from 


the  NEG  strips  resulted  in  a  decision  to  use  an  optimized  DIP- 
only  design[3]  and  not  the  DIP/NEG-RG  design  for  the  actual 
distributed  pumping  system  for  the  HER.  The  knowledge 
gained  from  these  tests  however  have  shown  that  the  NEG 
material  itself  is  the  best  candidate  to  date  for  pumping 
systems  being  developed  for  the  interaction  region  (IR)as  well 
as  the  wiggler  sections  of  the  Low  Energy  Ring  (LER). 
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